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I. Real Party in Interest 

The real party in interest in this appeal is Boston Scientific Scimed, Inc. (formerly 
Scimed Life Systems, Inc.), a corporation organized under the laws of Minnesota. 

II. Related Appeals and Interferences 

There are no appeals or interferences that will directly affect, or be directly 
affected by, or have a bearing on the Board's decision in this appeal. 

III. Status of Claims 

This application includes claims 1-24. Pending claims 1-4, 8-13 and 21-24 stand 
rejected, and claims 5-7 and 13-20 are cancelled, leaving no claims allowed. The 
claims on appeal are claims 1-4, 8-13 and 21-24. 

IV. Status of Amendments 

All amendments have been entered. 

V. Summary of Claimed Subject Matter 

Although the invention should not be limited to the preferred embodiments 
described in the specification, the invention will now be described in terms of certain 
embodiments in order to aid in understanding the invention. 

Independent claim 1 is directed to an apparatus for delivering acoustic energy to 
a target site, the apparatus including a catheter; and a transducer secured to the 
catheter, the transducer having a surface configured to be placed on a tissue, the 
catheter comprising a channel located adjacent the transducer and adapted for carrying 
cooling fluid. 
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An exemplary embodiment of the invention of claim 1 is shown in Figure 4, and is 
described in the specification at, inter alia, page 3, lines 6-8, page 14, line 12 to page 
18, line 2. The apparatus 400 (page 14, line 13, Fig. 4) for delivering acoustic energy to 
a target site comprises an elongate member 402, such as a catheter (page 14, lines 13- 
14, Fig. 4) having a distal end 404, a proximal end 406, and a lumen 408 extending 
there between (page 14, line 15, Fig. 4), and a transducer 420 (page 14, line 16, Fig. 4) 
secured to the distal end 404 of the elongate member / catheter 402. The transducer 
420 has a surface configured to be placed on a tissue (page 16, lines 1-2, Fig. 4). The 
elongate member / catheter 402 comprises a channel 412 (page 16, lines 2-4, Fig. 4) 
located adjacent the transducer 420 and adapted for carrying cooling fluid (page 16, 
lines 3-4, Fig. 4) and first and second fluid delivery lumens 410, 411 (page 14, lines 16- 
23, Fig. 4) extending from the proximal end 406 to the distal end 404. The first fluid 
delivery lumen 410 configured to deliver fluid from a fluid source 130 to the distal end 
404 (page 14, lines 20-21, Fig. 4). The second fluid delivery lumen 411 configured to 
deliver fluid from the distal end 404 to the fluid source 130 (page 14, lines 21-22, Fig. 4) 
to carry heat away from the distal end 404 (page 1 6, lines 2-4, page 1 7, lines 8-1 5, Fig. 
4). 

VI. Grounds of Rejection to be Reviewed on Appeal 

A) Whether claims 1-4, 8-13, 21, 23 and 24 are properly rejected under 35 
U.S.C. §1 02(b) as being anticipated by U.S. Patent No. 5,560,362 ("Sliwa"). 

B) Whether claim 22 is unpatentable under 35 U.S.C. §1 03(a) as being obvious 
over Sliwa. 
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VII. Arguments 

A. Rejection of claims 1 -4, 8-1 3, 21 , 23 and 24 under 35 U.S.C. 51 02(b) over 

Sliwa 

Appellants respectfully submit that the Examiner erred in rejecting claims 1-4, 8- 
13, 21, 23 and 24 under 35 U.S.C. §1 02(b) as being anticipated by Sliwa. A claim is 
anticipated only if each and every element as set forth in the claim is found, either 
expressly or inherently described, in a single prior art reference. (See MPEP §2131 ; 
Verdegaal Bros. v. Union Oil Co. of California, 814 F.2d 628, 631, 2 USPQ2d 1051, 
1053 (Fed. Cir. 1987)). As discussed below, Sliwa does not disclose each and every 
element required by independent claims 1,10 and 21 . Claims 2-4, 8 and 9 depend on 
claim 1 . Claims 11-13 depend on claim 1 0. Claims 23 and 24 depend on claim 21 . 
1. Claims 1-4 and 8-13 

Independent claim 1 recites an apparatus for delivering acoustic energy to a 
target site, comprising: "a catheter; and a transducer secured to the catheter , the 
transducer having a surface configured to be placed on a tissue, the catheter 
comprising a channel located adjacent the transducer and adapted for carrying cooling 
fluid ." (Emphasis added). Independent claim 10 recites an apparatus for delivering 
acoustic energy to a tissue region, comprising: "a catheter having a distal end, a 
proximal end, and a lumen extending there between; a transducer secured to the 
catheter distal end, the transducer having a surface configured to be placed on a tissue 
region and configured to deliver acoustic energy to the tissue region; and means for 
cooling the catheter distal end ." (Emphasis added). 

Sliwa discloses and describes an "ultrasound transducer assembly having a 
housing, a transducer array mounted in the housing, and active cooling mechanism 
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positioned adjacent to the transducer array for actively removing heat generated by the 
array by transport of heat energy from the affected site." (Abstract of Sliwa). In 
particular, the device taught by Sliwa is an extra-corpeal hand-held device for use on a 
outer body (skin) surface). The specification of Sliwa contains only two statements that 
relate to the use of transducers in a body or with a catheter. In the background section, 
Sliwa notes that "for endocavity transducers (probes inserted internally into the human 
body) heat is dissipated both by direct conduction into the patient's internal tissues and 
fluids, as well as by the conduction out the cable and convection from the exposed 
transducer handle which remains external to the patient's cavity." (Col. 6, lines 8-13 of 
Sliwa). In the boilerplate at the end of the detailed description section, Sliwa mentions 
that his invention may somehow also be applied to "catheter-based imaging or doppler 
transducers." (Col. 22, line 3 of Sliwa). Other than these two references, the entire 
disclosure of Sliwa is directed to a handheld transducer for use external to a patient. 

While Sliwa does propose using his transducer with a catheter, there is no 
disclosure of how a transducer with active cooling may be miniaturized and inserted into 
the body via a catheter. For instance, Sliwa does not teach how (or even if) (1 ) a 
transducer is secured to a catheter; (2) a catheter comprises a channel located adjacent 
the transducer and adapted for carrying cooling fluid; or (3) a distal end of a catheter is 
cooled. 

The Examiner relies on U.S. Patent No. 5,109,861 ("Griffith") as "evidentiary 
support" that the above-mentioned reference to catheter-based imaging or doppler 
transducers in Sliwa "inherently requires that the transducer be 'secured' to the 
catheter." (Page 2 of March 21 , 2008 Final Office Action). Preliminarily, Applicant 
notes that the citation to Griffith is made in the context of a 35 U.S.C. §102 anticipation 
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rejection and not a 35 U.S.C. §103 obviousness rejection. In any event, Griffith is 
directed to an "ultrasonic imaging probe" without active cooling that is inserted into a 
"guide catheter" and contains no disclosure relevant to the claimed invention. (Abstract 
of Griffith). 

The Examiner stated that Sliwa's disclosure of "a tube that can be positioned 
external to and along the length of the transducer, wherein the tube is adapted for 
carrying a cooling substance" constitutes a "'channel located adjacent the transducer.'" 
(Page 2 of March 21 , 2008 Final Office Action). Applicant does not concede the 
correctness of this statement. However, even assuming that the statement is correct, 
Sliwa still does not teach how (or even if) (1) such a channel is related to a catheter; or 
(2) a distal end of a catheter would be cooled using the teachings of his external body 
surface, hand-held device. 

There is no disclosure in Sliwa of every element required by claim 1 , or of every 
element required by claim 10. As such, the Examiner has not set forth a prima facie 
case that claim 1 and claim 10, along with their respective dependent claims 2-4, 8, 9 
and 11-13, are anticipated by Sliwa under 35 U.S.C. §102. 

2. Claims 21, 23 and 24 

Independent claim 21 recites a "method for delivering acoustic energy to a tissue 
region within a body, the method comprising: introducing a catheter carrying a 
transducer into a body, the transducer having a surface; placing the surface of the 
transducer on the tissue region; delivering acoustic energy to the tissue region; and 
cooling a tissue adjacent or within the tissue region to reduce heat that is generated 
from the delivered acoustic energy." 

The Examiner states that Sliwa "inherently discloses that the catheter is 
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introduced into a body." (Page 3 of March 21 , 2008 Final Office Action). Assuming 
arguendo the correctness of that statement, the only methods taught in Sliwa relate to 
the use of a handheld transducer external to a patient. There is no mention of inserting 
Sliwa's transducer into a body. As described above, Sliwa only proposes that 
somehow, without explaining further or providing any details, his external transducer 
device can be adapted for use with a catheter. For instance, Sliwa does not teach how 
(or even if) a tissue region within a body is cooled while being treated with a catheter- 
based transducer. 

There is no disclosure in Sliwa of every element required by claim 21 . As such, 
the Examiner has not set forth a prima facie case that claim 21 , along with its 
dependent claims 23 and 24, are anticipated by Sliwa under 35 U.S.C. §102. 

B. Rejection of claim 22 under 35 U.S.C. §1 03(a) over Sliwa 
Appellants submit that the Examiner erred in rejecting claim 22 under 35 U.S.C. 
§1 03 as being obvious over Sliwa. 

The Supreme Court set forth the basic test for obviousness in Graham v. John 
Deere , 383 U.S. 1, 148 (1966)). Additionally, the Supreme Court has addressed the 
issue of obviousness in KSR International vs. Teleflex Inc. , 550 U.S. (2007), in which 
the Court reiterated the requirement that a rejection on "obviousness grounds cannot be 
sustained by mere conclusory statements; instead, there must be some articulated 
reasoning with some rational underpinning to support the legal conclusion of 
obviousness" ( KSR at page 14 of the slip opinion), and further that a "fact finder should 
be aware, of course, of the distortion caused by hindsight bias and must be cautious of 
arguments reliant upon ex parte reasoning". ( KSR at page 1 7 of the slip opinion). 



7 



Attorney Docket No. 03-0389 (US01) 



The above-discussed failure of Sliwa to disclose every element required by claim 
21 also applies to claim 22, which incorporates all of the elements of independent claim 
21 from which it depends. The Examiner's "Official Notice" regarding the administration 
of blood thinners in combination with ultrasound treatment therapy, the propriety of 
which Applicant does not concede, fails to supplement this failed teaching. 

As such, the Examiner has not set forth a prima facie case that claim 22 is 
obvious over Sliwa under 35 U.S.C. §103. 



Respectfully submitted, 
VISTA IP LAW GROUP LLP 



Dated: August 25. 2008 



By: 



/DavidTBurse/ 



David T. Burse 



Reg. No. 37,104 



PATENT TRADEMARK OFFICE 



Customer Number 



41696 



VISTA IP LAW GROUP LLP 
12930 Saratoga Avenue, Suite D-2 
Saratoga, CA 95070 
Phone (408) 777-2905 
Fax (408) 877-1662 
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VIII. Claims Appendix 

1 . An apparatus for delivering acoustic energy to a target site, comprising: 
a catheter; and 

a transducer secured to the catheter, the transducer having a surface configured 
to be placed on a tissue, the catheter comprising a channel located adjacent the 
transducer and adapted for carrying cooling fluid. 

2. The apparatus of claim 1 , further comprising a fluid source in fluid 
communication with the channel. 

3. The apparatus of claim 2, the catheter comprising one or more lumens in fluid 
communication with the fluid source and the channel. 

4. The apparatus of claim 1 , further comprising a heat exchanger for cooling 

fluid. 

5-7. Cancelled 

8. The apparatus of claim 1 , the catheter comprising a handle. 

9. The apparatus of claim 1 , further comprising an acoustic energy sensor 
secured to the catheter adjacent the transducer. 
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10. An apparatus for delivering acoustic energy to a tissue region, comprising: 
a catheter having a distal end, a proximal end, and a lumen extending there 

between; 

a transducer secured to the catheter distal end, the transducer having a surface 
configured to be placed on a tissue region and configured to deliver acoustic energy to 
the tissue region; and 

means for cooling the catheter distal end. 

1 1 . The apparatus of claim 1 0, the means for cooling comprising a channel 
located adjacent the transducer and a fluid source in fluid communication with the 
channel. 

12. The apparatus of claim 10, further comprising a neurological signal sensor 
secured to the catheter distal end. 

1 3. The apparatus of claim 1 0, further comprising an acoustic energy sensor 
secured to the catheter distal end. 

14-20. Cancelled 

21 . A method for delivering acoustic energy to a tissue region within a body, the 
method comprising: 

introducing a catheter carrying a transducer into a body, the transducer having a 
surface; 
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placing the surface of the transducer on the tissue region; 
delivering acoustic energy to the tissue region; and 
cooling a tissue adjacent or within the tissue region to reduce heat that is 
generated from the delivered acoustic energy. 

22. The method of claim 21 , further comprising delivering a blood thinning agent 
to the tissue region prior to delivering the acoustic energy. 

23. The method of claim 21 , further comprising sensing a reflected acoustic 
signal that is associated with the delivered acoustic energy. 

24. The method of claim 23, further comprising analyzing the reflected acoustic 
signal to determine a location of a vessel. 
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IX. Evidence Appendix 

A. U.S. Patent No. 5,560,362; originally cited by the Examiner in the Office 
Action, dated October 5, 2007. 

B. U.S. Patent No. 5,109,861; originally cited by the Examiner in the Office 
Action, dated March 21, 2008. 
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X. Related Proceedings Appendix 
None. 
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INTRAVASCULAR, ULTRASONIC IMAGING 
CATHETERS AND METHODS FOR MAKING 
SAME 

5 

FIELD OF THE INVENTION 

The present invention relates to the field of devices 
which are used to diagnose the condition of the human 
vasculature, and more particularly to catheters which 
are designed to image arteries, veins, and other such 10 
structures. 

BACKGROUND OF THE INVENTION 

Angioplasty is a popular method of treating coronary 
artery disease without the dangers of surgery and anes- 15 
thesia. However, the results range from excellent to 
disappointing. Therefore, there is a need to develop a . 
new method of obtaining data on the lesion being 
treated which will aid in correlating the disease to the 
outcome of the treatment. Eventually this could pro- 20 
vide guidance in patient selection, and in follow-on 
therapy that would make angioplasty more successful. 

Vascular disease is the largest cause of death in this 
country. Vascular disease, which has as its end stage 
complete occlusion of the affected vessels, can cause 25 
stroke, heart attack, kidney failure or loss of limb in 
affected patients. New techniques are required to evalu- 
ate vascular disease and enhance our ability to study this 
problem, thereby allowing more effective diagnosis and 
permitting therapies to be administered safely Specifi- 30 
cally, new methodologies are required to analyze the 
thickness of the vessel wall, the nature of the vessel 
wall, the integrity of the lining of the vessel, and to 
evaluate the presence of intraluminal thrombosis or 
atherosclerotic debris. Vascular disease is primarily 35 
caused by the development of a atherosclerotic plaque. 
As the plaque increases in size, there is either an eccen- 
tric or concentric disposition of atheromatoses in the 
vessel. With an encroachment of plaque on the vascular 
lumen, there is a restriction of blood flow through the 40 
vessel. At first this flow restriction occurs only during 
periods when increased flow is required. For example, 
even when there is a blockage in the arteries leading to 
the legs there is normal blood flow at rest, however, 
when walking, an increased blood flow is required. Pain 45 
will thus occur only during walking when the blockage 
in the vessel prevents the needed increase in. flow 
through the narrowed blood vessel. As plaque develop- 
ment progresses, there may be further encroachment 
into the lumen of the vessel and a decrease in flow at 50 
rest may occur. Pathologic changes in the plaque such 
as splitting or lifting up of the plaque may initiate the 
formation of a thrombus which may then cause com- 
plete occlusion of the vessel. Such complete occlusion 
will then cause death in the tissue normally supplied by 55 
that vessel. For example, if the vessel is one of the 
heart's vessels, a heart attack will occur, or if the vessel 
is one leading to the brain, a stroke will occur. Al- 
though in the past little could be done to treat these 
problems, in recent years new therapeutic interventions 60 
have evolved. These include surgical removal of the 
plaque, bypass of the plaque, and balloon angioplasty in 
which a small balloon catheter is positioned across the 
stenosis and then inflated to crush the blockage. In 
addition, newer technologies are being developed in- 65 
eluding ablation of the plaque by a laser beam or re- 
moval of the plaque by miniaturized mechanical de- 
vices. Recently, Barry et al have suggested that radio- 
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frequency generated thermal energy can have a sub- 
stantial effect on the mechanical and histologic charac- 
teristics of the arterial wall, and may have implications 
for radiofrequency angioplasty. American Heart Jour- 
nal, pages 332-341 (February 1989). 

Most current vascular angiography techniques per- 
mit visualization only of the diameter of the vessel. 
Visualization of the entire vascular wall is not possible. 
Many devices and approaches have been suggested for 
such imaging of the human vasculature. Perhaps the 
most common approach relies upon intravenous injec- 
tion of contrast media in combination with imaging 
from an external source. More recently, attention has 
been directed to imaging the walls of vessels to deter- 
mine their thicknesses, particularly in relation to 
whether plaque growth has narrowed the lumen of a 
coronary artery such that treatment by angioplasty 
and/or by-pass is recommended. 

There is, of course, a great need to accurately diag- 
nose the condition of arteries such as the coronary ar : 
teries, and to do so in real time. Imaging of plaques is 
somewhat complicated in that not all plaques are calci- 
fied, and may not be imaged by certain imaging tech- 
niques. Such deficiencies in diagnostic visualization 
limit the knowledge of vascular pathology and hence, 
the understanding of the development and course of the 
disease process. In addition, selection of therapeutic 
interventions may be hindered because of these limita- 
tions. Currently, there is a 30% incidence of recurrence 
of stenosis following coronary balloon angioplasty. The 
process of restenosis is poorly understood. Investigation 
in the vascular wall may shed light on the mechanisms 
and course of such recurrence of such stenosis. 

Full visualization of the vessel wall would also assist 
in understanding the base line anatomy and physiology 
of the vessel. Visualization is also needed to plan pro- 
posed therapeutic interventions and to determine the 
results of such interventions. Such visualization of the 
vessel should provide as close an approximation to the 
histologic cross section of the vessel as possible. Such a 
cross section should include delineation of the lumen of 
the vessel, any intraluminal masses or thrombosis, any 
tear in the wall in the vessel and delineation of the thick- 
ness of the vessel wall and the presence of calcium in 
the vessel wall. 

An advantage of ultrasonic imaging is that relatively 
soft tissues can be imaged effectively, although the 
depth of imaging is somewhat limited. It has not proven 
to be possible, for example, to use external transducers 
to image coronary arteries of closed chest patients. On 
the other hand, were ultrasonic imaging possible in 
closed chest patients, it might be possible to locate soft 
tissue lesions and areas of uncalcified plaque which 
presently escape other diagnostic techniques. 

Accordingly, it has been suggested to provide an 
ultrasonic probe or transducer to image the walls of 
vessels such as the coronary artery to determine 
whether undesirable thickening is present. In order to 
be effective, however, such probes must be miniaturized 
to diameters which will permit transcutaneous inser- 
tions into the vessel lumen. Additionally, such probes 
must exhibit sufficient flexibility to allow the required 
intravascular maneuvering to the target site. 

Various investigators have suggested designs for ul- 
trasonic imaging catheters. Some of these are intended 
merely to determine the volume or rate of flow of blood 
through the vessel lumen. U.S. Pat. No. 4,589,419 
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(Laughlin et al), U.S. Pat. No. 4,637,401 (Johnston), and 
U.S. Pat. No. 4,665,925 (Millar) disclose catheters using 
ultrasonic transducers to determine blood flow. In this 
regard, see also Cole, J. S., "The Pulse Endopoler Cor- 
onary Artery Catheter", 56 Circulation, pp. 18-25 (July 5 
1977). See also Martin et al, "An Ultrasonic Catheter 
Tip Instrument for Measuring Volume Blood Flow", 
IEEE Ultrasonics Conf. Proc. pp. 23-17 (1975); 

Other investigators have suggested designs which are 
intended to image an obstruction within the lumen it- 10 
self, i.e. an obstruction "in front" of an advancing cathe- 
ter. U.S. Pat. No. 4,587,972 (Morantte, Jr.) discloses one 
such design. These approaches, however, fail to image a 
section of the vessel, and therefore do not provide criti- 
cal information about the thickness of the vessel wall at 15 
a given location. 

Ultrasound has also been used in vitro to characterize 
plaque in the human aorta. See B. Baizilai et al., "Quan- 
titative ultrasonic characterization of nature of athero- 
sclerotic plaques in human aorta", Circulation Research 20 
60: 459 (1987). Using this technology in an in-vitro bath, 
it has been possible to distinguish fibrous, fatty, and 
calcific tissue. 

Ultrasonic techniques have also been suggested for 
determining the cross-sectional area of various organs. 25 
U S Pat. Nos. 3,542,014 (Peonneau), 3,779,234 (Eggle- 
ton et al), 4,142,412 (McLeod et al), 4,237,729 (McLeod 
et al) 4,259,870 (McLeod et al) and 4,232,373 (Jackson 
et al) disclose various ultrasonic transducer arrange- 
ments for determining the cross-sectional area of inter- 30 
nal organs. To some extent, such organs can be imaged 
using transducers placed on the body surface. It is possi- 
ble to image the carotid arteries, the aorta and femoral 
arteries using these techniques. McPherson et al. have 
used a specialized high frequency transducer directly on 35 
the surface of the exposed human heart during cardiac 
surgery to provide a cross-sectional image of the coro- 
nary arteries. See D. McPherson et al. "Delineation of 
the Extend of Coronary Atherosclerosis by High Fre- 
quency Epicardial Echocardiography", New. E. J. of 40 
Med. 316, p. 304 (1987). 

At a December, 1987 Contractors meeting of the 
Devices and Technology branch of the National Heart, 
Lung and Blood Institute, Dr. Charles Meyers reported 
on the performance of a feasibility study to determine if 45 
the details of the heart artery wall structure can be 
imaged with ultrasound. The study used a several milli- 
meter diameter ceramic transducer on the end of a 
metal rod directed axially down the vessel center line. 
A 45° elliptical mirror was mounted a short distance 50 
from the end of the ceramic transducer on a short piece 
of tubing so that the sound beam was directed radially 
into the vessel wall. The assembly was apparently a few 
inches long, so that it could be inserted into sections of 
cadaver arteries. Mechanical rotation of the transducer 55 
assembly was used to scan the sound beam in a radial 
direction, (plane position indicator scan) to build up a 
cross-sectional image of the artery wall. A number of 
these images indicated that many interior details of wall 
structure could be seen with short pulse excitation. 60 
When lesions were examined, the fatty areas showed up 
as echo free and calcium showed as strongly reflecting 
centers. The intrusion of both kinds of regions into the 
normal vessel wall was quite well demonstrated. In 
addition, fibrous tissue growth also was delineated, 65 
since the echoes appeared to occur as streaks parallel to 
the direction of the fibers. Dr. Meyers reported plans to 
build a flexible delivery device for the subject trans- 



ducer. See Meyer, et al, "Feasibility of High-Resolu- 
tion, Intravascular Ultrasonic Imaging Catheters", Ra- 
diology 168:113-116 (1988). Others have also reported 
on ultrasound imaging of vessels using intravascular 
catheters. See Hodgson et al, "Validation of a New Real 
Time Percutaneous Intravascular Ultrasound Imaging 
Catheter", American Heart Association Abstract (Nov. 
14-17, 1988); Graham, "Utility of an Intravascular Ul- 
trasound Imaging Device for Arterial Wall Definition 
and Atherectomy Guidance", American College of 
Cardiology Abstract (Mar. 19-23, 1989); Kophock et al, 
"Intraluminal Vascular Ultrasound: Dimensional and 
Morphologic Accuracy", Laser and Stent Therapy in 
Vascular Surgery — International Congress II (Feb. 
10-15, 1989); Schwarten, et al, "Endovascular US: Ad- 
junct to Percutaneous Atherectomy", Radiology Ab- 
stract 331; "Ultrasound Imaging Catheter Hailed For 
Diagnostic Accuracy", Cardiology World News, page 25 
(July/ August 1988); EndoSonics Cathscanner I System 
trade literature, EndoSonics Corp. Rancho Cordova, 
Calif. The potential for intravascular imaging was also 
recently reported in Medical World News, Jan. 9, 1989 
at page 33. These catheter designs are said to comprise 
an ultrasound probe at the end of the catheter which 
emits a radial signal that produces a two-dimensional 
image of surrounding intra- and extravascular struc- 
tures. A similar report on the progress of developing 
intravascular ultrasound imaging catheters as small as 
0.8-1 mm appears in Moretti, M., "New Diagnostic 
Techniques Rely on Image Processing", Laser Focus- 
/Electrooptics, pages 198-203 (April 1988). 

U.S. Pat. Nos. 3,827,115 (Bom) and 3,938,502 (Bom) 
disclose a heart catheter with circumferentially ar- 
ranged transducers for determining intraluminal diame- 
ter. Both Bom patents disclose a catheter useful with a 
hollow organ such as the heart, which catheter has 
elements on its distal end and is capable of transmitting 
and receiving ultrasonic waves. It has recently been 
reported that intravascular ultrasonic imaging devices 
can produce cross-sectional images. CVR & R 20-21 
(June, 1988). Although details of the catheter construc- 
tion were not reported, the catheter used in creating 
these images is described as comprising a 20-mHz ultra- 
sound transducer of less than one mm in diameter on its 
tip, which is linked with a scanner for real-time display. 
Apparently the subject catheter utilizes piezoelectric 
crystals and is too large to image coronary arteries since 
the involved investigator, Dr. Paul G. Yock, reportedly 
desires to further miniaturize the device and reduce its 
cost "so that the instrument can be fabricated at reason- 
able cost". See also Mallery et al, "Intravascular Ultra- 
sound Imaging Catheter Assessment of Normal and 
Atherosclerotic Arterial Wall Thickness" JACC Vol- 
ume 11, No. 2, Abstract 22 A (February, 1988), wherein 
a 1.4 mm diameter intravascular ultrasound imaging 
catheter with 5 20 mHz ultrasound transducers oriented 
radially at its tip is reported as showing promise as a 
method for accurately measuring normal and diseased 
arterial wall thickness. See also Bom et al., "Intra-Arte- 
rial Ultrasonic Imaging for Recanalization by Spark 
Erosion", Ultrasound in Med. & Biol, Vol. 14, No. 4, pp. 
257-61 (1988). Bom reports that a previous 3.2 mm 
diameter 32-elements cylindrical catheter tip transducer 
was too large and that diminishing its size to an outer 
diameter of 2 mm "would be technologically difficult 
and would require an integrated circuit design for mul- 
tiplexing, transmitting and receiving signals." The main 
reason not to follow this course is described by Bom as 
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"the expected transmission pulse transient effect mask- 
ing the near-by structure echoes". Accordingly Bom 
discloses a 20 MHz signal element construction in com- 
bination with an acoustic mirror utilized in a transducer 
element of one millimeter provided with an air backing 5 
and mounted onto a metal bar. Experience gained with 
these preliminary trials is said to have led to the decision 
to design a mechanically rotating catheter tip device 
that would provide cross-sectional two-dimensional 
images. The subject catheter is described as comprising 10 
a mirror mounted on the end of a flexible wire which 
can be rotated. The piezoelectric element is positioned 
over an air backing and comprises a tip of three "mutu- 
ally isolated electrodes". Three electrode wires form an 
open cage for the echo signals and support the catheter 15 
tip. 

As seen from the above, the recently suggested de- 
signs for intravascular probes are frequently bulky, 
difficult and expensive to manufacture, and unlikely to 
be miniaturized to the degree necessary to image most 20 
of the vessels of greatest importance. Accordingly, a 
need exists for a miniature intravascular, ultrasonic 
imaging catheter which is relatively easy to fabricate, 
and which can be used to generate high quality cross 
sectional images of vascular tissue, whether or not calci- 25 
fled. 

SUMMARY OF THE INVENTION 

A novel, miniature intravascular imaging catheter is 
provided for use in ultrasonically imaging the walls of 30 
potentially diseased vessels of relatively small diame- 
ters. The subject catheter is composed of a flexible 
plastic material (PVDF) which can be spot polarized to 
act as a piezoelectric transducer in discrete "active" 
regions. Regions intermediate to the active regions re- 35 
main inactive, and serve as insulators. The inherent 
flexibility of thin layers of PVDF permits the subject 
catheters to be rolled about a longitudinal axis into a 
multiple layer spiral embodiment, or formed into a tube 
in extruded embodiment. In both cases, catheters are 40 
provided which are flexible enough to serve well to 
image most vessels of clinical significance. 

In the preferred embodiment, the electrodes needed 
to drive the piezoelectric material and to sense the re- 
flected ultrasonic echoes are deposited as thin metallic 45 
films on opposing surfaces of the active regions of the 
PVDF layer. Conductors may be similarly deposited to 
connect the electrodes disposed generally at the distal 
end of the catheter with appropriate connections at the 
proximal end. 50 

In the preferred embodiment, a plurality of discrete 
driving electrodes is arrayed around the distal end of 
the catheter. In one embodiment, a single grounding 
electrode is provided on the opposite surface of the 
PVDF layer, which grounding electrode is preferably 55 
on the outside surface where it serves as additional 
protection against unwanted electrical leakage. In an- 
other embodiment, each driving electrode corresponds 
to a discrete grounding electrode on the opposite side of 
the piezoelectric layer, such that the transducer can be 60 
excited in a push-pull modality. In yet a further embodi- 
ment, shielding electrodes are provided between adja- 
cent driving electrodes, adjacent grounding electrodes, 
or both, to minimize coupling between the radiating 
elements. 65 

In the preferred embodiments, the entire catheter is 
composed of an integral strip of PVDF material, thus 
minimizing any risk of component separation during 



catheter use. The catheter is further protected from its 
operating environment by a protective shield which 
acoustically couples the transducers to its surrounding 
fluids and/or tissue. This shield may comprise a portion 
of the PVDF strip itself in the spiral wound embodi- 
ment, or may consist of a separate outer sheath or coat 
which provides additional electrical insulation for the 
device. Acoustical backing materials and/or a flexible 
foam core forms the center of the catheter. 

The resulting catheter may be used alone for diagnos- 
tic purposes, or with other diagnostic or therapeutic 
catheters, such as angioplasty (balloon) catheters. The 
catheter of the present invention is relatively easy to 
fabricate in relatively small diameters. This catheter 
design is well suited to mass production at relatively 
low cost, making it potentially disposable. A wide vari- 
ety of transducer configurations is possible, permitting 
the transducer array to be customized to the particular 
vessel or lumen to be imaged. 

Accordingly, a primary object of the present inven- 
tion is the provision of novel, intravascular ultrasonic 
imaging catheters. 

Another object of the present invention is the provi- 
sion of novel methods for constructing such catheters. 

These and other objects of the present invention will 
become apparent from the following, more detailed 
description of the present invention. 

BRtEF DESCRIPTION OF THE FIGURES 

FIG. 1 is an end view of the tip of the tubular embodi- 
ment of the present invention illustrating an outer layer 
of unbiased and unelectroded base plastic serving as an 
external protective sheath under which is disposed a 
piezoelectric or biased electrostrictive plastic layer hav- 
ing discrete driving and ground electrodes disposed on 
opposing sides thereof, an inner layer having shielding 
electrodes disposed thereon, and a central core disposed 
in the axial center of the catheter; 

FIG. 2 is a foreshortened exploded isometric view of 
the core and innermost tubular layer of the catheter of 
FIG. 1 showing the location of the driving electrodes 
on the outer surface thereof, and illustrating the manner 
in which the two portions are assembled; 

FIG. 3 is an enlarged foreshortened isometric view of 
the distal portion of an alternate embodiment tubular 
catheter in accordance with the present invention 
showing complemen tally disposed driving and ground- 
ing electrodes on opposing sides of an intermediate 
PVDF tube which is spot poled to provide piezoelec-. 
trie transducing elements between opposing electrodes; 

FIG. 4 is an end view of the spiral embodiment of the 
present invention; 

FIG. 5 is an isometric foreshortened view of the 
PVDF strip which is wound to form the catheter of 
FIG. 4; 

FIG. 6 is a greatly enlarged partial end view of the 
distal portion of a catheter in accordance with the pres- 
ent invention showing an alternate location for the 
guard or shielding electrodes disposed between adja- 
cent driving and grounding electrodes; 

FIG. 7 is a foreshortened view of the proximal end of 
the PVDF strip of FIG. 5; 

FIG. 8 is an isometric view showing the assembly of 
a tubular or spiral catheter, depicting the insertion of a 
core prior to fusion of the PVD material into its tubular 
configuration; 

FIG. 9 is a foreshortened view of the proximal end of 
a spiral wound catheter and a connector therefore; 
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FIG. 10 is a clamp which completes the connector 
assembly for use with a spiral wound catheter made in 
accordance with the present invention. 

FIG. 11 is an isometric view of a strip useful for 
making a spiral wound catheter of the present invention 5 
illustrating a pattern of spot polarization and electrode 
placement on the plastic material. 
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PREFERRED EMBODIMENTS 
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The present invention provides a novel ultrasound 
catheter for imaging the cross sections of blood vessels 
or other small diameter biological structures. Catheters 
of the present invention comprise ultrasound transducer 
elements arranged to radiate sound in a radial direction 15 
for examining the interior of small cylindrical struc- 
tures. The general approach of using an array of trans- 
ducers to image a target medium is well known in the 
art of ultrasonic imaging. Those of ordinary skill in the 
art also are familiar with a variety of techniques of 20 
collecting and displaying echo data generated from 
using such arrays. Such data may, for example, be dis- 
played in real time as tissue or organ images. The pri- 
mary object of the present invention is therefore to 
provide novel miniature ultrasonic catheters and meth- 25 
ods of constructing same which will be useful with a 
variety of known or to be developed data processing 
and imaging schemes or approaches. 

To some extent, the operating frequency of imaging 
transducers is known to depend upon the spatial rela- 30 
tionship between the transducer and the body to be 
imaged. In the present application, the spatial resolution 
desired for imaging the vascular wall dictates that the 
catheter transducer working frequency lie between 
about 15-20 MHz. The round-tip amplitude attenuation 35 
at 20 MHz is estimated to be approximately 4 dB/mm. 

Those of ordinary skill in the art will further appreci- 
ate that departures may be made from the materials and 
methods of the present invention without departing 
from the scope thereof, which is described more partic- 40 
ularly in the appended claims. For example, the meth- 
ods of manufacture described herein, although intended 
primarily as a practical means of manufacturing very 
small diameter catheters, could theoretically be adapted 
to larger structures. 45 

The basic approach of the present invention is to 
integrate the conductive materials forming the trans- 
ducer electrodes, any shielding electrodes and their 
related conductors with a plastic material which acts 
both as the insulating material between the conductive 50 
elements and as the piezoelectric material itself. The 
plastic material selected for this purpose is amenable to 
known spot polarization techniques. Such techniques 
are known to convert certain plastics, such as PVDF, 
into material having piezoelectric properties. Such ma- 55 
terial is capable of generating ultrasound when properly 
excited. 

The present invention takes advantage of the above 
described approach to provide several different em- 
bodiments, the principal ones of which are spiral wound 60 
and tubular catheters. 

FIGS. 1-3 illustrate tubular embodiments of the pres- 
ent invention. In these embodiments, a flexible plastic 
tube 10 capable of being polarized to become piezoelec- 
tric in distinct regions is provided. A plurality of dis- 65 
crete driving electrodes 20 is disposed on a first surface 
of said tube to define active regions of said tube. At least 
one ground electrode 30 is defined on the second sur- 



face of said tube at least in the regions opposite from 
said driving electrodes. In the embodiments shown in 
FIGS. 1-3, a plurality of such electrodes is provided, 
one for each driving electrode 20. The tube 10 is selec- 
tively polarized to be piezoelectrically active in said 
active regions while remaining substantially inactive in 
the areas between said regions to thereby serve as an 
insulator. The preferred materials for constructing these 
catheters are polyvinyledene (PVDF) or certain PVDF 
copolymers which can be spot polarized to become 
piezoelectrically active. These copolymers include 
PVDF copolymer VF2/VF3. PVDF transmitters are 
excellent materials for use in the catheters of the present 
invention because they exhibit wide band performance 
and can produce virtually a single cycle at the excita- 
tion frequency. 

. One of the advantages of the present invention is that 
a single integral tube 10 of plastic material can be used 
to form substantially the entire length of a catheter 
which is about 120-130 cm long. As best seen in FIG. 3, 
electrode conductors or connectors 12 and 14 are dis- 
posed along the first and second surfaces of the catheter 
tube, the connectors being electrically connected re- 
spectively to the driving electrodes 20 and ground elec- 
trodes 30. Preferably, the electrodes 20,30 and these 
conductors or connectors 12,14 are thin metallic layers 
which are deposited upon the surfaces of the plastic 
tube 10. Accordingly, no separate connections need be 
made between the transducing electrodes 20,30 and 
their respective conductors or connectors 12,14 which 
extend to the proximal end of the catheter. By using this 
technique, the likelihood of breakage or discontinuity is 
minimized. 

The simplest tubular embodiment, comprising just 
the tube 10, electrodes 20 and 30 and conductors 12 and 
14, is illustrated in FIG. 3. FIG. 1 illustrates a more 
complex tubular embodiment wherein the basic compo- 
nents are supplemented with a core 11, an inner acousti- 
cally active backing material 16, and inner shielding 
electrodes 9. The shielding electrodes 9 may comprise 
discrete shielding conductors applied to the adjacent 
surface of the piezoelectric, or may be metallic coatings 
appropriately disposed on that surface. The embodi- 
ment of FIG. 1 further comprises an outer sheath or 
protective tube 70 which protects the electrodes 30 
during use, and which acoustically couples the trans- 
ducer to its surrounding media during use. 

In the preferred embodiments, the central core 11 
may be composed of open cell elastomeric foam. The 
acoustically active backing material 16 may be PVDF 
(unpolarized), or any other material having the desired 
flexibility and electrical and acoustical properties. The 
protective sheath 70 may itself be a distinct tubular 
layer, as shown in FIG. 1, or may be a thin coating. The 
protective sheath 70 may be composed of unpolarized 
PVDF, or other biocompatible materials having the 
desired degree of flexibility, acoustic transmission, and 
electrical insulating properties. The central core 11 may 
further comprise a lumen to receive a conventional 
guide wire. The lumen may also be used .to otherwise 
treat or diagnose the vasculature. It is anticipated, for 
example, that the catheter of the present invention may 
be used with balloon angioplasty catheters, laser cathe- 
ters, etc. to assist in locating the portion of the vessel 
wall to be treated, and to determine whether the applied 
treatment was effective. 

The preferred embodiments of the present invention 
may be constructed sequentially from the innermost 
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core to the outermost layer. FIG. 2 illustrates one stage 
in that construction, wherein the core 11 was first made 
with the shielding electrodes 9 disposed on the exterior 
surface thereof. The backing layer 16, itself a tube, is 
then formed around the core/shielding electrode subas- 5 
sembly 11,9. Next, driving electrodes 20, and their asso- 
ciated conductors 14, are deposited on the outside sur- 
face of the backing layer 16. The next step is illustrated 
in FIG. 8, wherein the subassembly shown in the left 
portion of FIG. 2, and designated generally as 100, is 10 
shown receiving the piezoelectric layer 10, shown in 
the right portion of FIG. 2 generally as 110. In this 
assembly step, the piezoelectric strip 110 is fed past 
guide 200, and through a hole formed in a jig 202. As 
with the other layers, this layer may be adhered to its 15 
underlying layer or tube using a suitable adhesive, such 
as a conductive epoxy. The method illustrated in FIG. 
8 may also be used to construct spiral wound catheters, 
if desired. 0 

In alternate embodiments, each tubular layer is 
formed as an integral tube, as for example by fusing the 
abutting seams thereof, or by extrusion of the molten 
plastic. While such a construction may minimize the 
degree of adhesive which may otherwise be needed for ^ 
catheter assembly, in all events, it is important that the 
driving electrodes be aligned with the ground elec- 
trodes (when distinct ground electrodes are employed), 
and that the driving electrodes are properly oriented 
over portions of the underlying plastic layer which 3Q 
have been spot poled to become piezoelectric. 

The thicknesses of the different layers of the pre- 
ferred catheters may vary depending upon their size 
and the size of the vessel to be imaged. Typical dimen- 
sions for these layers would be 1-4 microns for the 35 
protective sheath; 9-50 microns (preferably about 40) 
microns for the poled PVDF piezoelectrically active 
layer, 9-30 (preferably about 20) microns for the non- 
poled PVDF backing layer, with the remainder of the 
diameter accounted for by the foam core. The use of 40 
thinner PVDF materials is possible, although not pre- 
ferred since the transmitting efficiency decreases with 
decreasing thickness. Thicker materials are significantly 
stiffer, making 50 micron thickness materials the outer 
desired limit for the present vascular imaging applica- 45 
tion. By contrast, the average electrode and/or connec- 
tor described herein has a thickness of about 800-1000 
Angstroms, making any contribution to the stiffness of 
the resulting catheter negligible. 

The preferred electroding materials are Indium-Cop- 50 
per and Chromium-Gold. The adhesion of such materi- 
als to the PVDF material is critical to maximizing the 
performance of the design. Although chromium-nickel 
may be used in certain applications, this is not preferred 
due to prior experience which showed that those elec- 55 
trodes are not sufficiently flexible and may flake off 
relatively easily. 

The protective sheath 70 should be chosen to provide 
the proper electrical insulation and biological compati- 
bility. The proper electrical insulation is needed because 60 
the excitation voltage can be on the order of 100 V. In 
addition, coating is necessary to prevent blood clotting. 
It is understood that since the coating material will be 
immersed in blood during operation of the catheter, 
biological compatibility of the coating has to be accept- 65 
able. Adhesion properties of the coating are also impor- 
tant. In addition to liquid or solid PVDF materials, 
other plastic materials may prove suitable. The coating 



thickness may be controlled by dipping or spraying, 
spraying being presently preferred. 

To bond the layers of the catheters disclosed, com- 
mercially available conducting epoxies are presently 
preferred. Such epoxies are currently available com- 
mercially as Tra-duct, or from Ciba-Geigy. Such epox- 
ies may also be used for connecting wires to the proxi- 
mal end of the conductors at the proximal catheter tip. 

In designing the electrode pattern for the preferred 
catheters, between three and six transducing elements 
are presently preferred. A greater number of elements 
allows better wall thickness delineation to be achieved. 
On the other hand, the minimum spacing between the 
adjacent elements (approximately 50 microns) and the 
increased number of leads set physical limitations on the 
maximum number of elements. 

The electrodes of the preferred embodiment may be 
formed on the plastic substrate using masks of the de- 
sired electrode pattern. Such masks may be ordered e.g. 
from Towne Laboratories, Inc., One, U.S. Highway 
206, Somerville, N.J. 08876. The mask pattern may then 
be used in the deposition of the metallic electrodes on 
the PVDF film. The deposition process may be per- 
formed in vacuum deposition chamber facilities, such as 
those available at Drexel University, in Philadelphia, 
Pa. 

The spot poling process is well known. JASA 
69:853-859, 1981. A. S. Seleggi, S. C. Roth, D. M. Ken- 
ney, S. Edelman, C. R. Harris, "Piezoelectric Polymer 
Probe For Ultrasonic Applications," IEEE Tran. Sound 
Ultrasonic, SU-29, PP. 370-377, 1982. See, G. E. Harris. 
The poling procedure requires the manufacturing of 
custom shaped electrodes. There are certain advantages 
to using the masking procedure, including the ease and 
precision of manufacture. This precision will eliminate 
variability between different catheters, a major draw- 
back with prior designs. 

Alternatively, the electroding pattern can be obtained 
using the mask and a chemical etching process. This 
alternative process can replace the necessity for spot 
poling of the PVDF film, because it removes unwanted 
electrode areas from fully electroded film. The etching 
process has the disadvantage of leaving previously 
poled areas of PVDF intact, even in areas where the 
electroding material has been removed. This is pres- 
ently not preferred, since the acoustic and electric cou- 
pling between the adjacent elements should be mini- 
mized. In the spot poling procedure, virtually no elec- 
tric field is generated between the adjacent elements. In 
etching, although the preexisting electrodes are re- 
moved, the piezoelectric properties of the material itself 
are left intact. 

In instances where a single element transducer is 
desired, the element should have a sensitive element 
area of about 1.0 mm 2 . The element should be mounted 
on the curvature corresponding to a radius of approxi- 
mately 0.5 mm. 

The extrusion process described above offers the 
promise for successful design of subminiature catheters, 
which can be made in diameters of less than 1 mm. In 
these catheters, the material may be either PVDF or 
VF2/VF3 co-polymer, the latter offering a higher cou- 
pling coefficient, and thus better piezoelectric proper- 
ties. The spot poling technique can be used, and subse- 
quently the desired electrode pattern can be sputter 
deposited. Inside the tubing, a thin copper or platinum 
wire can be used to conduct the signal. In this embodi- 
ment, the entire tip of the catheter can be piezoelectri- 
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cally active. An alternate embodiment of this design is 
shown in FIG. 11, wherein the entire distal end of the 
catheter is poled to be active, and wherein "stripes" 12 
and 30 of metal are deposited along the length of the 
catheter to connect the electrodes to its proximal end. 5 

FIGS. 4, 5, 7 and 11 relate to spiral rolled embodi- 
ments of the present invention. These embodiments are 
based upon the concept of forming the entire catheter, 
or a number of its operative components, from and on 
the surfaces of a strip of plastic material which is then 10 
rolled about its longitudinal axis to form a "spiral 
rolled" catheter. In FIG. 4, a catheter is illustrated 
wherein a central lumen 200 is surrounded by a foam 
core 210. Around the core 210 is wrapped a single strip 
of plastic material, such as the strip, designated gener- 15 
ally 220, illustrated in FIG. 5. As seen in FIG. 5, the 
strip 220 has unpolled portions 230 and 240 extending 
longitudinally down each of its sides. The distal end of 
portion 240, when rolled, becomes the acoustic backing 
element. As shown in FIGS. 4 and 5, the backing ele- 20 
ment 240 preferably has shielding electrode(s) 250 de- 
posited thereon. Driving electrodes 30 are again formed 
on one side of the piezoelectrically active strip, and 
grounding electrodes 20 on the other side. Each elec- 
trode portion is connected to the proximal end of the 25 
catheter by conductors or connectors 12 and 14 (not 
illustrated in FIG. 5), which are preferably extended 
regions formed by the same metal deposition process 
which formed the electrodes. 

When the strip 220 is rolled, as may be performed 30 
continuously as shown in FIG. 8, a catheter having a 
distal tip end view as shown in FIG. 4 will be produced. 
In the catheter of FIG. 4, the first circumference of the 
spiral orients the shielding electrodes into position, the 
second disposes the ground and driving electrode por- 35 
tions in an intermediate layer, and the third" provides the 
protective sheath. 

FIG. 6 discloses an alternate embodiment arrange- 
ment of shielding electrodes which may be used in place 
of, or in addition to, a central shielding electrode con- 40 
figuration. In this embodiment, the shield electrodes 54 
and 56 are located intermediate of pairs of the driving 
electrodes 20 and ground electrodes 30. These shielding 
electrodes 54,56 are connected to the proximal end of 
the catheter by connectors or conductors which extend 45 
down the length of the catheter similar to the conduc- 
tors 12 illustrated in FIG. 5 

Accordingly, a novel method of making an intravas- 
cular catheter is provided comprising the steps of pro- 
viding a strip of flexible plastic material capable of being 50 
polarized in discrete regions to act as a piezoelectric 
transducer in those regions, said strip having proximal 
and distal ends, adhering electrodes to opposing sur- 
faces of said strip near its distal end to define active 
regions thereon; spot poling said active regions of said 55 
strip to provide at least one piezoelectric transducing 
element of said strip; attaching connectors to said elec- 
trodes for electrically connecting said electrodes to 
connections at the proximal end of said catheter; spiral 
winding said strip around its longitudinal axis to form a 60 
spiral having a diameter of less than about 1 mm; and 
fixing said spiral in its wound position to provide a 
catheter capable of use in ultrasonic imaging. 

FIGS. 9 and 10 disclose a proximal end connector for 
connecting catheters of the present invention to associ- 65 
ated electronics and display equipment. In FIG. 9, the 
inner portion of the connector is shown having a small 
body 300 which ma be slidably inserted into a comple- 



mentally configured receiving portion of the proximal 
catheter end, which body 300 has defined on its outer 
surface a plurality of conductive portions 310 which 
will contact and connect appropriate ones of the con- 
nectors on the interior side of the appropriate catheter 
layer to the wires 320 shown protruding from the back 
of the connector. In order to complete the connection, 
a sleeve 350, is provided, which will clamp over the 
outer surface of the proximal end of the catheter to 
connect abutting metallic portions of the connector and 
catheter, to again connect corresponding catheter con- 
nections with metallic connectors and wires on the 
connector body. Note that both the interior and exterior 
connections are mating connections. 

As seen from the above, a variety of improved cathe- 
ter designs is provided, each of which is useful in the 
imaging of the cross section of a relatively small artery 
or vein of a patient during a transcutaneous procedure. 
The subject catheters are relatively simple and easy to 
produce. Their low cost may facilitate true disposabil- 
ity. The imaging quality which is generated using these 
catheters, however, is expected to be superior. 

As used herein, PVDF refers to polyvinylidene (di)- 
fluoride plastic. Such plastics are commercially avail- 
able in sheets as thin as 9 microns from the Pennwalt 
Company, Philadelphia, Pa. Alternative source: Solvay, 
Brussels, Belgium. The term "piezoelectric" as used 
herein refers to the ability of a material to generate an 
electric signal when exposed to a mechanical force 
(such as an acoustic wave), and conversely to exert a 
force (e.g. generate an acoustic wave) when excited by 
an external voltage source. 

We claim: 

1. An intravascular ultrasonic imaging catheter for 
imaging the cross section of a vessel, comprising: 

(a) a flexible plastic tube polarized in distinct regions 
to become piezoelectric in those regions; 

(b) a plurality of discrete driving electrodes disposed 
on a first surface of said tube to define active re- 
gions of said tube; and, 

(c) at least one ground electrode defined on the sec- 
ond surface of said tube at least in the regions oppo- 
site from said driving electrodes; 

said tube being selectively polarized to be piezoelectri- 
cally active in said active regions while remaining sub- 
stantially inactive in the areas between said regions. 

2. The catheter of claim 1 wherein said tube com- 
prises PVDF. 

3. The catheter of claim 1 wherein said tube com- 
prises a PVDF copolymer. 

4. The catheter of claim 1 wherein said tube extends 
to form substantially the entire length of said catheter, 
and wherein said catheter further comprises electrode 
connectors disposed along the first and second surfaces 
of said tube, said connectors being electrically con- 
nected respectively to said driving and ground elec- 
trodes. 

5. The catheter of claim 1 further comprising a sheath 
means for providing a protective barrier around said 
tube. 

6. The catheter of claim further comprising an acous- 
tical backing portion disposed within said tube at least 
adjacent to said active regions. 

7. The catheter of claim 1 wherein said at least one 
ground electrode comprises a plurality of discrete 
grounding electrodes, at least one for each driving elec- 
trode. 
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8. The catheter of claim 7 further comprising a plural- 
ity of shielding electrodes defined on the first and sec- 
ond surfaces of said active material between adjacent 
ones of said active and ground electrodes. 

9. The catheter of claim 8 further comprising a plural- 
ity of shield electrode connectors for electrically con- 
necting said shield electrodes to ground. 

10. The catheter of claim I wherein said grounding 
electrode is a single grounding electrode disposed along 
the entire second surface of said plastic in the region 
opposite to said driving electrodes, and wherein the said 
second surface is the outer surface of said catheter. 
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11. The catheter of claim 1 further comprising a cen- 
tral core. 

12. The catheter of claim 11 said core comprises elas- 
tomeric foam. 

13. The catheter of claim 11 wherein said core further 
comprises means for further diagnosing or treating said 
vessel. 

14. The catheter of claim 1 wherein said core further 
defines a lumen. 

15. The catheter of claim 1 wherein said electrodes 
are metallic coatings deposited on said plastic surfaces. 
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[57] ABSTRACT 

An ultrasound transducer assembly having a housing, a 
transducer array mounted in the housing, and active cooling 
mechanism positioned adjacent to the transducer array for 
actively removing heat generated by the array by transport 
of heat energy from the affected site. The active cooling 
mechanism may comprise a heat exchanger including a 
closed loop circulating coolant system circulating coolant, 
or a single-pass flowed coolant, passing through the heat 
exchanger, a heat pipe, a thermoelectric cooler, an evapo- 
rative/condenser system, and/or a phase change material. 
One or more heat exchangers may be used having gas or 
liquid coolants flowing therethrough. The heat exchangers 
and coolant pumps may be located in various components of 
the transducer assembly, including the. array housing, the 
connector assemblies or the ultrasound console. 

107 Claims, 13 Drawing Sheets 
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ACTIVE THERMAL CONTROL OF 
ULTRASOUND TRANSDUCERS 

BACKGROUND OF THE INVENTION 

5 

1 . Field of the Invention 

The invention relates to imaging of materials in living 
tissue, and in particular to increasing the power output of 
transducing means used for acoustic imaging by compen- 
sating for thermal problems associated with such increased 10 
power output. 

2. Description of the Related Art 

Medical ultrasound imaging has become a popular means 
for visualizing and medically diagnosing the condition and 
health of interior regions of the human body. With this 15 
technique an acoustic transducer probe, which is attached to 
an ultrasound system console via an interconnection cable, 
is held against the patient's tissue by the sonographer 
whereupon it emits and receives focused ultrasound waves 
in a scanning fashion. The scanned ultrasound waves, or 20 
ultrasound beams, allow the systematic creation of image 
slices of the patients internal tissues for display on the 
ultrasound console. The technique is quick, painless, fairly 
inexpensive and safe, even for such uses as fetal imaging. 

In order to get the best performance from an ultrasound 
system and its associated transducers it is desirable that the 
transducers used to emit and receive ultrasonic pulses be 
capable of operating at the maximum acoustic intensity 
allowable by the U.S. Food and Drug Administration (FDA). 3Q 
This will help maximize the signal to noise ratio for the 
given system and transducer, help achieve the best possible 
acoustic penetration, and ensure that imaging performance is 
not limited by the inability to emit the full allowable acoustic 
intensity. At the same time, there are practical and regulatory 35 
limits on the allowable surface temperature that the trans- 
ducer may attain as it performs its imaging functions. The 
Underwriters Laboratory (U.L.) Standard #UL544 "Stan- 
dard for Safety: Medical and Dental Equipment" specifies an 
upper limit of 41° C. for the transducer portion contacting 
the patient's skin. In addition, sonographers prefer to grip a 
transducer case which is comfortably cool, thereby prevent- 
ing excess perspiration in their hands and a potential to lose 
their grip on the device. 

Given that it is desirable to be able to operate at the 45 
maximum allowable acoustic intensity and also desirable to 
control the surface temperature distribution of the patient 
and user-contacting portions of the transducer's surfaces, 
thermal engineering is a serious consideration during trans- 
ducer design. There are essentially two possible paths to 50 
proceed on with regard to transducer thermal engineering. 

The first path makes use of passive cooling mechanisms 
and involves insuring that the heat that is generated both by 
the electroacoustic energy conversion process taking place 
in the transducer' s piezoelements and by the acoustic energy 55 
passing through and/or into adjacent transducer materials is 
passively spread out to as large an external transducer 
surface area as possible. This heat spreading process is 
typically achieved internal to the transducer by thermal 
conduction through solid materials and subsequently from 60 
the transducer's external case employing natural free con- 
vection to the atmosphere. Ideally the external heat-convect- 
ing surface area would consist of the entire transducer's 
external surface area from which free convection cooling to 
the atmosphere can potentially take place in an unobstructed 65 
manner. Transducer manufacturers have thus incorporated 
various passively conducting heat- spreading plates and 
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members inside the transducer's interior spaces to ensure the 
spreading of the heat to the entire transducer case surface. 
Such members work well, however, it is frequently the 
ability to get the heat out of the electroacoustic elements 
themselves and into such adjacent internal thermal-sinking 
structures such as these commonly used spreading plates 
that provides a significant portion of the probes total thermal 
dissipation resistance. If this internal thermal path is not a 
good one it is difficult to spread the heat generated by the 
piezoelements around the case. If the heat generated by the 
piezoelements cannot be removed, and effectively coupled 
and sunk to the entire transducer case area, then the probe 
surface portion in contact with the patient runs hotter than 
desired as this probe portion is directly adjacent the piezo- 
elements. Thus, even in the passive strategy, there is concern 
concerning three key mechanisms: a) removing the heat 
from the highly localized piezoelement region; b) spreading 
said heat efficiently to the external case surfaces; and c) 
allowing for unobstructed natural convection from the warm 
transducer surfaces. 

In any event, using this passive strategy, maximizing the 
external probe surface area onto which heat spreads in a 
fairly uniform manner minimizes the peak surface tempera- 
ture attained anywhere on the probes surface during steady 
state convection of the probes heat to the ambient. This 
passive strategy amounts to spreading the heat load around 
to minimize the impact of the limited ability of free con- 
vection to dissipate heat. Its fundamental limitation is that, 
for most transducers, even if heat is spread uniformly on the 
external case surfaces, it only takes a few watts of transducer 
driving power to cause the average transducer surface tem- 
perature to become unacceptable either with respect to the 
patient or the sonographer. In these cases, and particularly 
for small transducers having small surface areas, one may 
find that one is unable to operate at the allowable acoustic 
intensity limit because of excessive temperatures. 

FIG. 1 shows a prior-art medical ultrasound transducer 1 
in schematic sectional view. Transducer 1 has a typically 
polymeric external case 2 which is gripped by the sonogra- 
pher. The top of the transducer (+Y end) can be seen to have 
the typical acoustic lens 3 which serves to focus the ultra- 
sound beam in the X-Y plane as it passes into the subject 
patient. Focusing in the Y-Z plane is done via electronic 
phase delays between the various piezoelements which are 
arranged on a Z-axis pitch and spacing passing into and out 
of the paper as is usual for phased array transducers. The 
bottom or back of the transducer 1 has emanating from it a 
flexible coaxial cable bundle 4. The cable 4 is shown in 
broken view at its midpoint to indicate its considerable 
length, usually on the order of 6 to 12 feet. Where cable 4 
exits from the transducer 1, and specifically where it exits 
from the transducer case 2, can be seen a flexible strain relief 
5. Strain reliefs are usually fabricated from a flexible rubber, 
such as silicone rubber, and they serve to prevent damage to 
the cable 4 or chemical leakage into the case 2 at the point 
of cable/case juncture particularly as cable 4 is flexed by the 
user. 

A transducer cable connector 6 can be seen at the termi- 
nation of the cable 4 (— Y end). The connector 6 is usually of 
a mass- actuated design and has an appropriate rotatable 
actuation knob 8 for that function. To the right of the 
transducer's connector 6 are shown in phantom a mating 
ultrasound system connector 7 mounted on an ultrasound 
system console 9. To use the transducer the sonographer 
would plug connector 6 into mating connector 7 (connectors 
shown unmated) thereby electrically connecting the trans- 
ducer 1 to the ultrasound system console 9. 
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In the interior portion of the bottom of transducer 1, inside 
of polymeric case 2, portions of numerous electrical inter- 
connects 10 (indicated by partial dotted lines) run from the 
transducer device 1 into the cable 4 and, in turn, into the 
connector 6. Generally a large number of interconnects 10 
comprising coaxial wires of controlled impedance are pro- 
vided in cable 4 to carry the electrical impulses transmitted 
to and received from the individual piezoelements making 
up the phased array. The details of how the interconnects 10 
are mated to the piezoelements or to the connector are not 
shown as it is not critical to the understanding of this 
invention. It should be generally understood that numerous 
interconnects 10 pass from the transducer 1 and its piezo- 
elements through the cable to the connector 6 and these 
serve an electrical function. Interconnects 10 must physi- 
cally be routed through the interior of the back of the 
transducer case 2, and around whatever other means, ther- 
mal or otherwise, are located therein. 

The electroacoustic transducer device assembly 50 is 
packaged and operated inside the confines of the polymeric 
case 2. Assembly 50 is shown schematically in FIG. 1 and 
in FIG. la. Assembly 50 comprises acoustic backer material 
11, a piezoelements 12 and one or more (one shown) 
acoustic matching layers 13. Acoustic backer material 11 
serves the functions of attenuating acoustic energy which is 
directed backwards to minimize reverberations and ringi- 
ness, and as a mechanical support for piezoelements 12. 
Materials used to fabricate backer 11 are generally poorly or 
only modestly thermally conductive as it is exceedingly 
difficult to design a highly thermally conductive yet acous- 
tically highly lossy material. Piezoelements 12 may, for 
example, be fabricated from lead zirconate titanate (PZT) or 
composite PZT in a manner well-known to one of average 
skill. On top of piezoelements 12 is the matching layer or 
layers 13 which serve to act as an acoustic impedance 
transformer between the high acoustic impedance piezoele- 
ments 12 and the low acoustic impedance, human patient. 
(The human patient is not shown, but it should be under- 
stood that the patient is in contact with lens 3.) 

The piezoelement material, typically PZT, is a ceramic 
having generally poor to modest thermal conductivity. The 
matching layer(s) 13 materials also frequently have poor to 
modest thermal conductivity because of their conflicting 
acoustic requirements. It is to be noted that the backer 11, the 
piezoelements 12 and the matching layer(s) 13 are all 
intimately bonded to each other and to the lens material 3 
such that acoustic energy produced in piezoelements 12 may 
pass through the layer interfaces in the +Y~direction freely. 
Of course reflected acoustic echoes from the body may also 
likewise pass freely in the — Y direction, back into probe 1. 

Not shown in FIG. 1 are horizontally running (-K- X axis 
direction) electrodes in any of the interfaces of the type 
between lens 3 and layer 13, layer 13 and piezoelements 12 
or piezoelements 12 and backer 11. Adequate thin electrodes 
must be present to apply and sense electrical potentials 
across the top and bottom surfaces of the piezoelements 12. 
Electrical interconnects 10 are typically routed and con- 
nected to such dedicated interface electrodes on a piezoele- 
ment by piezoelement basis (connections and routing not 
shown). The interface or surface electrodes are required to 
make electrical contact to each piezoelements 12 without 
appreciably negatively impacting the acoustic performance 
spectrum of transducer 1. Thus, such electrodes are typically 
chosen to be very thin, metallic, and have very little mass. 
This, in turn, causes the electrodes to be poor thermal 
conductors in the lateral X-direction. 

Also shown in FIG. 1 are two symmetrically situated pairs 
of passive thermal conduction enhancement members 14 
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and 15 arranged on each side of assembly 50. Thermal 
member 14 is schematically shown physically and thermally 
connected to the edge region of element array 12 and layer 

13, and possibly also to the ends of the interfacial or surface 
electrodes (not shown). Thermal member 15 is schemati- 
cally shown thermally and physically connected to member 

14. The members 14 and 15 are arranged to be in close 
juxtaposition and in good thermal contact with the interior 
walls of case 2. It will be noted that thermal member 15 may 
typically be thicker (as shown) and therefor more thermally 
conductive than member 14 given the increased space 
toward the cable end of the transducer. In one such repre- 
sentative example, items 14 would consist of thin films of 
flexible copper, perhaps in the form of a flexible circuit, 
extending away from the edges of the piezoelement array 12 
and possibly emanating from within an interface such as the 
interface between backer 11 and array 12, array 12 and layer 
13 or layer 13 and lens 3 wherein it also serves an afore- 
mentioned electrode function. In this example, the primary 
purpose of member (or flex circuit) 14 is electrical inter- 
connection as necessary in the interfaces between at least 
certain of the laminated layers. Items 15 would typically 
consist of aluminum or copper plates, perhaps between 

0. 010-0.080 inches thick, which are bonded or thermally 
coupled intimately to the inner surfaces of case 2. The joint 
between members 14 and 15 must be thermally conductive. 
If member 14 is an electrical flex circuit used for intercon- 
nection, then care would be taken to provide only a thermal 
joint and not an electrical joint so as not to short out the flex 
traces which need to be routed (not shown) backwards to 
interconnects 10. 

As the sonographer or user images with transducer probe 

1, the system console 9 transmits a series of electrical pulses 
through the connectors 7,6 and cable 4 to the acoustic array 
of piezoelements 12. The electroacoustic piezoelements 12 
convert the electrical pulses to acoustic output energy ema- 
nating from the rubber lens 3 into the patient. During the 
ultrasound reception portion of the acoustic beamforming, 
the piezoelement senses in a passive mode the electrical 
disturbance produced by acoustic energy bounced off of 
internal patient tissue and reflected back into the transducer 
1. It is primarily the transmit portion of imaging when heat 
is produced by the piezoelements. This is because the 
electroacoustic energy conversion process is less than 100% 
efficient. Thus the piezoelements 12 act as unintended 
heaters. Secondly, as ultrasound energy is produced by the 
piezoelements 12, it is somewhat absorbed by layers 13 and 
lens 3, such layers usually not being totally lossless. The 
unavoidable nonzero portion of acoustic energy which is 
directed away from the patient into the backer 11 also serves 
to generate heat in backer 11. Thus, we have heat being 
directly generated in the piezoelements 12 and indirectly 
generated in backing material 11, matching layer(s) 13 and 
lens 3. 

A thermal member 14, if comprised of a flexible circuit 
being formed in part of a thin metal such as copper, offers 
modest thermal conduction of heat generated by piezoele- 
ments 12 laterally in the X direction to the edges of the 
device and then downward to some more significant thermal 
sink, such as 15. The purpose of member 15 is to render 
isothermal the inner surface of the case 2 so that heat may 
be encouraged to flow across the case wall at all locations. 
The thermal purpose of member 14 is to get the heat away 
from the piezoelements 12 and redirected so that it can be 
flowed into said isothermalization member 15. Using the 
combination of thermal elements 14 and 15 it has been 
possible to passively spread the heat out isothermally to 
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most of the interior case 2 surfaces. It should be understood 
that case 2, being fabricated of a polymer, will typically 
conduct heat poorly. It is therefore critical to get the heat 
spread out over most or all of the interior surface of case 2 
so that although the thermal resistance across the thickness 5 
of the case wall 2 is high, there is considerable surface area 
to compensate for this fact and keep the overall thermal 
resistance between the elements and the environment as low 
as possible. 

Heat which is generated in matching layer(s) 13 and lens 10 
3 may also be conducted downward toward the piezoele- 
ments 12 or to their interfacial electrodes (not shown) which 
can, in turn, pass heat to the edges of the stack for redirection 
downward in the — Y direction via member 14 for example. 
When transducer probe 1 is in contact with a patient's tissue, 15 
some heat may pass directly into the patient. In any event, 
the U.L. limitation on skin or tissue temperature severely 
limits the temperature of the lens, and heat dissipation 
toward the patient. 

Heat which is generated in backing material 11 may be 20 
passed to thermal means such as member 15. Member 15 
may be arranged to actually envelope or wrap around backer 
material 11 in the form of a metallic thermal container or can 
(not shown) in order to facilitate the passage of heat from 
backing material 11 into thermal member 15 and out of 25 
transducer 1. 

Thus, the ability of probe 1 to shed heat to the environ- 
ment is governed primarily by passive free convection of 
heat from the probe's external surfaces. There is a rather 3Q 
limited capacity to remove heat by natural convection of air 
past the external probe surface even in this optimal isother- 
malized example. In practice, given the limits on the tem- 
perature of lens 3 and sonographer gripping comfort, it is not 
possible to dissipate more than a few watts of thermal energy 35 
in this passive prior-art manner. Also, different sonographers 
typically cover different amounts of the probe surface with 
their hands as they grip it, and in some cases much of the 
heat is being transmitted by conduction directly into the 
sonographer' s hand(s). This can produce sonographer dis- 4Q 
comfort and a poor grip. If the only heat dissipating surface 
and path available is the external case surface dissipating by 
convection to the atmosphere or by conduction into the 
patient and/or the sonographer' s hand, then severe power 
dissipation limits of a few watts will apply, particularly to 45 
small probes having small surface areas even if that surface 
area is isothermalized. 

Others have attempted to increase the lateral (X-axis) 
and/or vertical (Y-axis) thermal conductivity of acoustic 
backing material 11, piezoelements 12 and acoustic match- 50 
ing layers 13. Although these measures may help keep the 
face of the acoustic array more isothermal particularly for 
very large array probes, they do nothing to increase the 
capacity to remove heat from the probe's external surfaces 
in an improved manner. 55 

An extension of the passive-cooling approach has 
included an attempt to conduct or spread some of the heat 
down the length of the attached cable in order to permit the 
cable to offer more passive convection surface area. This 
helps the situation only incrementally because of the user- 60 
preferred small diameter cable and the difficulty of provid- 
ing much of a thermally conductive path in such a small 
diameter cable without compromising the desired flexibility 
and compactness of the cable. Such an incremental measure 
is described in U.S. Pat. No. 5,213,103 "Apparatus for and 65 
method of cooling ultrasonic medical transducers by con- 
ductive heat transfer" by Martin, et al. 



,362 

6 

As a specific example a copper braid could be routed from 
the case 2 interior into at least some limited length of the 
cable 4 adjacent to device 1. This copper braided thermal 
means may be connected to a thermal means in the case such 
as depicted member 14, 15 or 14 and 15 or may also serve 
as item 15 for example. This tact essentially creates addi- 
tional dissipative surface area on the cable. 

It should be noted that for endocavity transducers (probes 
inserted internally into the human body) heat is dissipated 
both by direct conduction to the patient's internal tissues and 
fluids, as well as by the conduction out the cable and 
convection from the exposed transducer handle which 
remains external to the patient' s cavity. We must also control 
the maximum surface temperatures attained by these probes. 

The second strategy for cooling transducers, which, to the 
knowledge of the inventors, has not yet been pursued by any 
medical ultrasound vendor, is to utilize active cooling rather 
than passive cooling in order to dissipate heat well beyond 
that which can be passively convected or conducted from the 
external transducer surfaces. Active cooling means that one 
provides a means to actively remove heat from the trans- 
ducer such as by employing a pumped coolant or other 
active refrigeration means. Using active cooling one may 
ensure that one is always able to operate the acoustic 
transducer up to the allowable acoustic intensity limit while 
also maintaining acceptable surface temperatures regardless 
of how small the transducer is or how much surface area it 
offers for cooling relative to its acoustic intensity. 

At least part of the reason active cooling has not yet been 
used is because of the apparent cost, reliability and the 
ease-of-use issues associated with it. There is a well-estab- 
lished continued trend in the ultrasound industry toward 
reliable "solid-state" phased array transducers with no mov- 
ing parts and with excellent chemical resistance to disinfec- 
tion procedures, including procedures involving total chemi- 
cal immersion for extended periods. There is a more recent 
trend toward minimizing the cost of ownership for all 
medical implements as well as any need to service or repair 
them. Both of these trends place very severe constraints on 
any potential active transducer cooling means for use in the 
hospital, clinic or doctor's office environment. 

Finally, one must keep in mind that imaging transducers 
are plugged into and unplugged from the ultrasound con- 
sole's various connector ports in a varying personalized 
manner, thus any active cooling scheme should preferably 
continue to allow for the freedom to do this and should not 
substantially complicate the integrity or ease of this con- 
nection. Large numbers of connector plug/unplug cycles 
should also not degrade the performance of the active 
cooling means. Any active cooling scheme should involve 
minimal additional maintenance and should be as transpar- 
ent to the user as possible. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide an active 
transducer cooling arrangement, utilizing actively flowed 
coolants of various types. 

A further object of the invention is to provide a plurality 
of active cooling embodiments, wherein each design repre- 
sents a novel and reasonable balancing of the many con- 
straints mentioned above. 

It is an additional object of the invention to specify 
designs which allow for the local removal of transducer heat 
using a solid state thermoelectric cooling device which is 
electrically actively driven. 
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It is a further object of this invention to specify designs 
which utilize semi-active, heat-pipe technologies to effi- 
ciently transport and redistribute heat and, if desired, to also 
control temperature. 

It is another object of this invention to specify additional 5 
designs which allow for generated heat to be temporarily 
stored. 

It is an additional object of this invention to offer a passive 
thermal -conduction enhancement means to conduct away 
from the electroacoustic elements such that any thermal 10 
means, including the passive prior art means and/or the 
active means disclosed herein, may transport the heat effi- 
ciently away from the transducer. 

These and other objects of the invention are provided in 
an ultrasound transducer assembly having a housing, a 15 
transducer array mounted in the housing, and active cooling 
means positioned adjacent to the transducer array for 
actively removing heat generated by the array by transport 
of heat energy from the affected site. 

The active cooling means may comprise a heat exchanger 20 
including a flowed coolant in a closed-loop, multipass 
circulating coolant system or single-pass flowed coolant, the 
coolant passing through the heat exchanger, a heat pipe, a 
thermoelectric cooler, an evaporator/condenser system, and/ 
or a phase change material. 25 

In embodiments employing heat exchangers, one or more 
heat exchangers may be used having gas or liquid coolants 
flowing therethrough. Open, single-pass and closed-loop, 
multi-pass coolant systems may be used. The heat exchang- 
ers and coolant pumps may be located in various compo- 30 
nents of the transducer assembly, including the array hous- 
ing, the connector assemblies or the ultrasound console. 

It will be recognized by one skilled in the art that the 
active and semiactive means disclosed herein may be driven 35 
or allowed to operate as part of a feedback loop wherein a 
probe temperature is maintained at a desired level or below 
a limit value. In such a feedback scheme temperature would 
be sensed and that data used to determine the extent of the 
application of the active or semiactive cooling or thermal 4Q 
control means to achieve the thermal goals of the product as 
it operates. 

It will also immediately be recognized by those skilled in 
the art that one may easily use the temperature control means 
to also heat the probe such that it is warm and comfortable 45 
to the patient's touch when first used. Alternatively one 
might ensure that the probe operates at all times at a desired 
temperature setpoint (including when the probe is first 
switched on) or below such a setpoint or above a lower 
setpoint and below a second higher setpoint. Any scheme 50 
wherein heating is involved would include adding a heater 
means to our described coolant loops. The thermal control 
means might also be used to cool the probe to prevent 
damaging it during hot disinfection or sterilization proce- 
dures used to clean the probe. 55 

A further embodiment includes implementing improved 
passive thermal conduction materials for coupling to stan- 
dard passive thermal conductors and/or active means. In one 
such embodiment, liquid-filled deformable bags are pro- 
vided within the transducer which efficiently couple heat 60 
between irregular surfaces, but allow for easy disassembly 
for servicing of heat- dissipating electronics in the trans- 
ducer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

65 

The invention will be described with respect to the 
particular embodiments thereof. Other objects, features, and 
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advantages of the invention will become apparent with 
reference to the specification and drawings in which: 

FIG. 1 is a partial cross-sectional view of a typical 
industry-standard, solid-state, phased array transducer with 
its accompanying cable, system connector, system -con sole, 
mating connector, and typical passive heat distribution 
plates. 

FIG. 2a is a partial cross-section of a first embodiment of 
a device incorporating the active cooling elements in accor- 
dance with this invention wherein a gaseous coolant, such as 
air, is forced by pumping or pressurization means located at 
or near the connector/console end of the transducer cable 
through the cable into the device. 

FIG. 2b is a partial cross- sectional view of a second 
embodiment of a device in accordance with the present 
invention similar to the arrangement of FIG. 2a but where 
the gaseous coolant, such as air, is instead drawn into the 
probe and passed along the cable toward the console in the 
opposite direction to that of FIG. 2a. 

FIG. 3a is a partial cross-section of a third embodiment of 
a probe device in accordance with the invention wherein the 
probe contains a heat exchanger for active cooling and a 
miniature fan or other coolant-moving pump means to 
forcibly pass coolant by a probe heat exchanger. 

FIG. 3b is a partial cross-sectional view of a fourth 
embodiment, similar to the arrangement of FIG. 3a, but 
wherein a gaseous coolant, such as air, is drawn into the 
probe across the heat exchanger and then expelled from the 
probe through nearby probe exhaust ports. 

FIG. 3c is a partial cross-sectional view of a fifth embodi- 
ment, similar to the arrangements of FIGS. 3a and 3b, but 
wherein a coolant exhaust path is provided which ejects a 
gaseous coolant, such as air, from ports located comfortably 
away from the sonographer' s hand. 

FIG. 3d is a partial cross-sectional view of a sixth 
embodiment wherein a closed loop cooling system is pro- 
vided, utilizing either liquid, gas or other flowable coolant, 
wherein a probe heat exchanger passes heat into said cooling 
loop for transport down the cable. 

FIG. 3e is a partial cross-sectional view of a seventh 
embodiment similar to that of FIG. 3d, wherein the closed 
coolant loop passes into the system console through the 
connector interface. 

FIG. 4 is a partial cross-sectional view of an eighth 
embodiment wherein a thermoelectric cooling device is 
thermally coupled to the heat dissipating piezoelements and 
their local associated passive heat dissipating members. 

FIG. 5 is a partial cross- sectional view of a ninth embodi- 
ment of a device in accordance with the invention wherein 
a flexible and generally tubular heatpipe is utilized as the 
active cooling component. 

FIG. 6 is a partial cross-sectional view of a tenth embodi- 
ment of the device in accordance with the invention wherein 
a material having a large phase-change heat absorbing 
capacity is placed in the probe and thermally coupled to the 
dissipating device. 

FIG. la is a side view of a piezoelement transducer 
assembly of the type used in the device shown in FIG. 1. 

FIGS. lb-Id are cross- sectional views of a piezoelement 
transducer assembly comprising further embodiments of the 
invention providing enhanced passive thermal means for 
spreading out the concentrated heat being generated in and 
near the piezoelements through application of thin-film 
diamond. 

FIG. 8 is a cross -sectional view of a twelfth embodiment 
of the invention including cooling plates and a transducer 
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assembly which contains supporting electronic circuitry 
which passively dissipates concentrated heat along with 
hermetically sealed liquid-filled bags which serve to trans- 
port heat across the highly irregular interfaces between the 
electronics and the plates. 5 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 2a shows a first embodiment of the invention which 10 
is generally externally similar in overall structure to the 
transducer probe 1 shown in FIG. 1. Elements in probe 1 and 
1A having like construction are designated with the refer- 
ence materials set forth in FIG. 1. Probe 1A of FIG. 2a 
includes a heat exchanger 16 having internal heat exchange 15 
fins 17. It will be noted that there is a flow of coolant gas 21 
into heat exchanger 16 from tube 20 in cable 4. Exhaust or 
coolant gas exit ports 18 vent the coolant gas 21 to the 
atmosphere after it has absorbed heat from heat exchanger 
16 and fins 17. It will be noted that the heat exchanger 16 is 20 
arranged to be in intimate thermal contact with the passive 
thermally conductive members 15. 

Referring to the lower portion of FIG. 2a, it will be noted 
that the connectors 6 and 7 are shown mated and that the gas 25 
delivery tube 20 is connected in continuous fashion through 
the coupled connector portions 6 and 7 and into the system 
ultrasound console 9. A coupling fitting 19, such as a 
snap-lock pneumatic fitting with an O-Ring, is shown pro- 
viding a generally airtight connection between the portions 3Q 
of tube 20 and the connectors 6 and 7. Connector 19 would 
most likely have a male and a female portion wherein the 
male portion is mounted to either connector 6 or 7 and the 
female portion to the remaining connector. When the con- 
nectors are mated electrically, they are thus also mated 35 
pneumatically in a manner to connect the gaseous coolant 
source in the system to the probe. Inside the system console 
9 is a pressurized coolant source 100 whose positive pres- 
sure forces gaseous coolant in the form of flow 21 through 
tube 20 toward and into case 2. 

40 

Transducer 1A would not be subject to liquid coolant 
spills, dripping connections, or coolant fluid level monitor- 
ing when a gaseous coolant is used. Air is an advantageous 
gaseous coolant because it does not necessarily have to be 
provided in the form of a tank or reservoir as with bottled 45 
gases. Instead, the indicated pressurized coolant source 100 
may consist of a compact and efficient air pump of any 
design desired, including positive displacement designs, 
turbine designs, rotor designs and fan designs. The air being 
pumped by the pressurization source would be drawn from 50 
the environment in these cases. However, by pressurized 
coolant source we broadly mean any possible source of 
pressurized gas, including pressurized air bottles (cylinders) 
or bottles of any other gases such as nitrogen or helium. 

Although FIG. 2a shows a pressurized gas source in the 55 
system console 9, one may alternatively place the gas source 
means in connector 6, in connector 7 or even external to the 
probe/cable/connector/console hardware. In any event, a 
tube or conduit of the type 20 will be provided in a manner 
which causes the sonographer minimal inconvenience. It 60 
will be noted that for the design shown in FIG. 2a, the 
sonographer does not physically see any component of the 
coolant system. Also, the least reliable portion of the cooling 
system which might need repair is the pressurization source 
100 which is located in the system 9 (or alternatively in 65 
connectors 6 or 7) where it can be serviced without disas- 
sembling the transducer probe 1A. By placing the pressur- 
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ization source or pump 100 in the console 9, a purchaser 
need not repeat that investment when he/she buys additional 
transducers at later points in time. 

In FIG. 2a, exhaust ports 18 are shown on the sides of 
probe case 2. These exhaust ports may alternatively be 
placed anywhere, and may be connected to the heat 
exchanger via additional conduit or tubing (not shown). In 
order to minimize pressure drops, it is typically best to 
minimize the length of the tubing; the design shown 
achieves this by directly dumping the heated gas to the 
environment. One may utilize filters, mufflers, and/or gas 
diffusers (not shown) to keep the gas clean so as not to foul 
the internal coolant paths, so as to silence or muffle flow 
noise and so as to redirect or spread out the exiting gas 
stream such that it does not bother the sonographer in any 
way. ■ 

If the pressurized gas source 100 is external, the gas 
delivery conduit or tube 20 may enter the probe at a location 
other than emanating from the interior of cable 4. Yet 
another alternative to this approach includes providing heat 
exchanger 16 on the outside of case 2 along with conduit 20, 
where each may be electively detached. In all of these cases, 
a heat exchanger 16 is provided at the transducer 1A and 
connected to a gas source 100 outside of the transducer 1A. 

In general, using the approach indicated in FIG. 2a, one 
may, with reasonable gas source pressures of 40-100 psi, 
handle 4-20 watts depending on the diameter of tube 20, the 
length of tube 20, the size of the heat exchanger 16, and the 
maximum allowable level of flow noise. In most ultrasound 
cables, a high pressure flexible tube 20 having a diameter of 
approximately 0.050-0.125 inches is suitable for use. Tube 
20 may be fabricated of polyimide, for example, in which 
case a fairly thin wall thickness of from 0.004—0.012 inches 
may be used. Easily coupled gas fittings 19 are also readily 
available, including those from the product lines of Swage- 
lock Company (31400 Aurora Road, Solon, Ohio 44139), 
Parker Hannifin Corporation (8145 Lewis Road, Minneapo- 
lis, Minn. 55427), and Colder Products Company (1001 
Westgate Drive, St. Paul, Minn. 55114). 

FIG. 2b shows a second embodiment of the invention. In 
general, this embodiment is similar to the embodiment 
shown in FIG. 2a, however the coolant gas 21A is flowing 
in the opposite direction from that disclosed in FIG. 
2a — i.e.., into the transducer probe IB, through heat 
exchanger 16, into tube 20, through connector halves 6 and 
7, and into ultrasound console 9 and a coolant suction source 
101. Coolant suction source 101 may be any convenient 
suction or negative gauge pressure source such as a compact 
vacuum pump, suction pump, vane pump, rotary pump or 
positive displacement pump. 

An advantage of this arrangement over that of FIG. 2a is 
that one does not have to deal with warmed exhausted 
coolant gas at the probe which may, on occasion, be a noise 
problem, a comfort problem or might disturb a surgical site. 
A disadvantage relative to FIG. 2a is that one may only 
apply one atmosphere of gage suction pressure or about 14.7 
psi wherein the FIG. 2a device may utilize several tens of 
pounds of positive pressure. In a manner similar to that for 
FIG. 2a the pumping device, in this case the suction source 
101, may be placed closer to the probe 1 such as in connector 
half 6 or 7 or elsewhere externally to the probe/cable/ 
connector/console. Tube 20 may also be routed directly to 
the probe case 2 from other than the cable 4 interior. 

For both FIGS. 2a and 2b the exact means of thermally 
coupling, either directly or indirectly, exchanger 16 to the 
heatflow from the electroacoustic elements 12, is unimpor- 
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tant. Heat flow passing from the dissipating elements 12 to 
a passive thermally conducting member 14, then to a passive 
thermally conducting member 15, then into the heat 
exchanger 16 and thus into the gas stream 21 or 21A is 
depicted. In most cases, the designer will strive to get the 
exchanger 16 as close to dissipators 12 as is physically 
possible so as to minimize the overall thermal resistance 
between the element dissipators 12 and the atmosphere. 

Note that a "finned" heat exchanger 16 having internal 
"fins" 17 has been described. It is to be stressed that included 
in the scope of this invention is the use of any heat exchanger 
capable of passing heat into a passing gas stream. For 
example, one might utilize a heat exchanger based on an 
array of metal tubes, an array of metal pins or even a porous 
metal. "Heat exchanger" is herein defined as any means, 
including any directly associated containments necessary to 
direct the coolant flow over the fins or their equivalents, 
which can pass heat from an adjacent coupled heat source to 
a forced or pumped coolant stream. Thus one might even 
choose to utilize components 11,12,13 or 14 for example to 
not only do their previously described prior art acoustic and 
structural functions, but to also serve the function of a heat 
exchanger. As an example, piezoelements 12 are many in 
number and are arranged on a pitch in the Z axis to achieve 
their basic acoustic array function. Their arrangement is 
actually much like an array of fins and one may thus force 
the coolant gas through them (through the spaces or kerfs 
between them) to form a heat exchanger 16 integrated 
directly and intimately with the acoustic means. In this case, 
a fin 17 may itself be a heat producing piezoelements 12. A 
more common case of partial integration of exchanger 16 
would be where the portions of the case 2 serve to direct and 
contain the coolant flow over metal fins 17. 

It should also be noted that one may choose, for either of 
the designs 2 A or 2B, to route the exhausted coolant gas 
(exhausted from the heat exchanger) all the way back to the 
connectors 6,7, or ultrasound console 9, in an additional tube 
or conduit 20 running inside or along the outside of the cable 
4 (not shown). Such approaches would provide an additional 
pressure drop, as well as undesirable preheating of the 
incoming coolant gas if the ingoing and outgoing coolant- 
gas tubes are in thermal communication over their consid- 
erable length. Nonetheless, one may implement the FIG. 
2a~b systems as closed-loop systems, as long as the heat can 
be extracted from the coolant before it is returned to the 
probe. 

Specific pressurization/suction means 100 and 101 suit- 
able for use with the embodiments shown in FIGS. 2a-2b 
include the following: EG&G Rotron (7 Hasbrouck Lane, 
Woodstock, N.Y. 12498), Gast Manufacturing Corporation 
(2300 Highway M-139, Benton Harbor, Mich. 49023-0097), 
and Ametek (627 Lake Street, Kent, Ohio 44240) offer 
regenerative continuous flow blowers which can generate 
10-100 inches of water-pressure head or suction column; 
and Medo U.S.A., Inc. (808-A North Central Avenue, Wood 
Dale, 111. 60191) offers positive displacement interrupted 
flow pumps which can generate very high pressures. It is to 
be understood that the addition of checkvalves, pressure (or 
vacuum) accumulators, pressure controllers, throttling 
valves, on/off valves or other auxiliary flow-control or 
monitoring item to the cooling systems herein described 
may be necessary. The list of exemplary pump means 100 
and 101 is in no way exclusive, as there are literally 
hundreds of pump, pressurization and suction means avail- 
able in a variety of engineering disciplines. 

FIG. 3a shows a third embodiment of the invention. In 
this embodiment, the source of the gas pressure difference 
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driving the flow (the pressurization or suction means) is 
relocated to the interior of the transducer probe case 2. FIG. 
3a shows an air pump 22 (a pressurization source) inside of 
case 2 or probe 1C. Air 21B is drawn into the probe from the 
environment through ports 18 at the back of the probe by the 
internal air pump 22. Air pump 22 is shown forcing the air 
stream 21B into the heat exchanger 16 and through its 
internal fins 17. Air coolant stream 21B then exits from 
additional ports 18 carrying heat with it in the manner 
described with respect to some of the previous figures. Also 
as in previous embodiments, heat exchanger 16 is in intimate 
thermal contact with passively conducting member 14 and 
15 which can transport heat to exchanger 16 from dissipat- 
ing piezoelements 12. 

Specific examples of air-moving pumps 22 for use in 
probe 1C include those available from Nidec Corporation 
(100-T Franklin Drive, Torrington, Conn. 06790) and U.S. 
Toyo Fan Corporation (4915 Walnut Grove Avenue, San 
Gabriel, Calif. 91776). These vendors offer low-profile, 
tube-axial continuous flow devices. These example devices 
are characterized by moderate pressure generation and uti- 
lization of brushless DC motors. Alternative air-moving 
devices suitable for use as pump 22 are available from 
EG&G Rotron (7 Hasbrouck Lane, Woodstock, N.Y. 
12498), Micronel U.S. (1280-D Liberty Way, Vista, Calif. 
92083) and Labinal Components and Systems, Inc. (2275 
Stanley Avenue, Dayton, Ohio 45404). These vane-axial 
continuous flow devices are characterized by moderate 
pressure generation in the range of 1-2 inches of water 
pressure, 24 volt DC power sources and operation at 
15k-20k RPM. For the embodiment shown in FIG. 3a, 
neither a tube or conduit 20 in the cable 4 nor a pressurized 
gas connector 19 are required. 

Air-pump 22 will typically require electrical power which 
may be delivered via electrical wires or traces passing 
through cable 4 from ultrasound system 9. Alternatively, the 
electrical power may be delivered through separate wires not 
contained in cable 4. An alternative within the scope of the 
embodiment shown in FIG. 3a includes mounting air pump 
22 and/or heat exchanger 16 on the external surface of case 
2. In any event, heat exchanger 16 will always be arranged 
to be in intimate thermal contact with a means such as 
thermal member 15. In the case of external mounting of heat 
exchanger 16, thermal member 15 would be arranged to pass 
heat across the wall of case 2 with little loss. To do this, 
member 15 may be required to penetrate case wall 2 in a 
hermetic manner. 

FIG. 3b shows a fourth embodiment of the invention, 
similar to the embodiment of FIG. 3a, except that the coolant 
flow 21C is in the opposite direction. This approach may 
offer advantages when exhausting the coolant gas from the 
back (— Y end) of transducer ID is important, to keep it away 
from the sonographer' s hand. We stress that the ports 18 
serving as exhaust ports may also be on the bottom surface 
(— Y end) of the transducer adjacent the strain relief 5. The 
intake ports 18 may be anywhere which is convenient. We 
also note that the air pumping or suction means 22A may be 
arranged to be operated in either flow direction 21C (or 21B 
per the previous FIG. 3a) per the user's selection. An 
electrical switch may be provided for this purpose. 

FIG. 3c shows a fifth embodiment of the invention, 
similar to that in FIGS. 3a and 3b. Coolant flow 21C is 
shown entering and being drawn into probe IE at intake 
ports 18 toward the heat exchanger 16, through the air 
pumping or suction means 22A, and subsequently exiting 
the probe IE as flow 21C through internal exhaust ducts 18A 
inside the strain relief 5. It will be noted that the warmed 
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exhausted coolant gas 21C is directed along the cable 4 away 
from the sonographer's hand. The internal detail of strain 
relief 5 is such that one or more gas exhaust ducts 18A are 
provided while maintaining some peripheral support to the 
cable. 5 

The exhaust ducts 18A may be arranged to be closable or 
sealable, if desired, when the probe is temporarily immersed 
in disinfectant for cleaning. (This is true for all intake and 
exhaust ports for any of the embodiments.) Alternatively, 
one may arrange any of the disclosed designs such that 10 
ingress of disinfectant into intake and exhaust ports 18 or 
18A may be tolerated, such as by ensuring the use of 
noncorrosive metals where disinfectant ingress takes place. 
It should be readily understood that one may alternatively 
utilize the embodiment shown in FIG. 3c with the coolant 
flow proceeding in the opposite direction. Miniature fans 
and motors which may be sterilized are commercially avail- 
able, so the design challenge becomes more one of disin- 
fecting or sterilizing, with less of a concern about damage 
caused by such processes. 

FIG. 3d shows a sixth embodiment of the invention 
wherein a completely closed-loop cooling system is con- 
tained entirely within the probe/cable/connector assembly 
IF. It will be noted that there are no coolant conduits or 
coolant connections made across the connector interface to 
the ultrasound console 9 or console connector 7. The coolant 
utilized may be a liquid, a liquid slurry or a gas. Most 
preferably, the coolant will have a liquid phase. The coolant 
may be a liquid, such as water or ethylene glycol, or any 
liquid suitably utilized in closed loop coolant systems. 3Q 
Precautions should be taken with any liquid used to prevent 
corrosion and minimize bacterial growth. 

Before discussing the embodiment shown in FIG. 3d, it is 
important to note the technological improvements being 
made in research and industry in the area of recirculatable 35 
high-performance coolants. In particular, work is proceeding 
at labs such as the Triangle Research and Development 
Corporation in North Carolina on recirculatable PCM 
("phase-change material") slurries containing phase change 
materials. The phase change ingredient within the slurry 40 
may, for example, consist of 15 micron diameter phenolic- 
encapsulated n-eicosane particles which are carried in dis- 
tilled water. This slurry or particle/water mix has a thermal 
capacity of about seven times that of water alone. Eicosane 
is a paraffin wax with a 20 carbon chain that liquifies at 36.6 45 
degrees centigrade. 

Referring to FIG. 3d, a heat exchanger 16A is provided 
internal to case 2 to transport heat from the transducer 
components such as 14 and 15 into the heat exchanger 16 A. 
Coolant input tube 20A passes an inflow of coolant 103A 50 
into the heat exchanger 16A and across the fins 17A of heat 
exchanger 16A. The coolant, after picking up heat from the 
fins 17A, passes out of the heat exchanger 16A in the form 
of outflow 103B into a second tube 20B. It will be noted that 
tubes 20A and 20B are shown running the length of the 55 
transducer cable 4 back to probe connector 6. Thus, cable 4 
might be of a somewhat larger diameter than in previous 
embodiments as it now contains two coolant tubes. 
Exchanger 16A contains internal ducting (not shown) and/or 
manifolds which are necessary to distribute and route the 60 
coolant over fins of the type 17A in the most efficient 
manner. For simplicity, arrows schematically indicate 
incoming (103A) and outgoing (103B) coolant flows. It 
should also be understood that it is desirable that tubes 20A 
and 20B (within cable 4) are thermally decoupled from each 65 
other such that the coolant inflow 103A is not undesirably 
preheated by exiting coolant outflow 103B. 



Connector 6 includes, in addition to the expected electri- 
cal interconnection means (not shown), a coolant pump 102 
and a second heat exchanger 16B. A segment of tubing 20C 
connects pump 102 to the heat exchanger 16B such that the 
coolant may flow from pump 102 to the exchanger 16B in 
the form of coolant flow 103C as shown. Given that this is 
a closed loop system the coolant flow rates in the indicated 
flows 103A, 103B and 103C are essentially all equal. As 
pump 102 operates, it causes coolant to flow through the 
heat exchanger 16B, along tube 20 A, through exchanger 
16 A in probe case 2, back through tube 20B and finally back 
to pump 102 for another cycle (or, optionally, in the opposite 
direction). Pump 102 may be powered electrically, mechani- 
cally or pneumatically. In the case of electrical powering, it 
may receive its electrical energy from the system console 9 
via one or more electrical contacts in connectors 6 and 7. 

Heat exchanger 16B is preferably a liquid-to-air heat 
exchanger. That is, liquid to be cooled is flowed inside of 
exchanger 16B and air on the outside of exchanger 16B, 
which is either naturally convected or forced across 
exchanger 16B, carries the heat away. Exchanger 16B may 
consist of a radiator (shown) or a fan and a radiator com- 
bination (not shown), for example. In an alternative 
approach, both a fan (not shown) and pump 102 (shown) 
would receive electrical power from the console 9 through 
the connectors 6 and 7. Sources for fans and pumps suitable 
for use in accordance with the embodiment of FIG. 3d have 
been previously described. It will be obvious to the reader 
that one may also arrange return tube 20B in the cable 4 such 
that its contained returning coolant 103B may easily pass its 
heat to the atmosphere via natural free convection from the 
surface of cable 4. In general, cable 4 is quite long and 
substantial cable surface area is available to do this. If the 
return tube 20B is arranged in the cable 4 to be near its 
surface and a metallic shroud is provided near the outside 
surface of cable 4 which is in thermal communication with 
tube 20B (which shroud may double as an electromagnetic 
shield) the return tube 20B may pass its heat to the metallic 
shroud such that the surface (or subsurface) of the cable 4 is 
warmed and made to act as a radiator itself. 

It should be remembered that unlike Martin, et al., in the 
present embodiments there is an enormous advantage of 
being able to carry large amounts of heat well into the 
cable's length through the flowing warm coolant liquid 
103B. In the case wherein cable 4 sheds the desired quantity 
of heat, heat exchanger 16B (and, if desired, an accompa- 
nying fan (not shown)) in the connector 6 may become 
unnecessary. However pump 102 is beneficially used in all 
cases, as natural convection circulation of the liquid will 
only provide a much-reduced and orientation- varying heat 
removal capacity from exchanger 16A. We have not shown 
other optional items such as monitoring thermocouples, fluid 
reservoirs, bubble removal traps, fill ports, flush ports or 
expansion means and these can be added in any desired 
manner as needed while not departing from the basic system 
shown. A feedback loop may further be included in this (or 
any other) embodiment of the invention, wherein a tempera- 
ture sensing function triggers variations in the degree of the 
coolant system's operational capacity in order to control (by 
maintaining, rising above or dropping below) particular 
temperature set points. Specifically referring to FIG. 3d, it 
should be readily understood that one may vary the speed of 
pump 102 or the speed of a fan associated with heat 
exchanger 16B (not shown), for example, to control tem- 
perature at a desired level. 

As with previous embodiments, tubing 20A and 20B may 
be flexible, unreinforced or reinforced, polymer tubing such 
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as polyimide tubing. Tubing 20C in connector 6 may be rigid 
as it does not have to flex with the cable. Portions of the 
tubing in probe case 2 may also be chosen to be rigid. It 
should also be emphasized that the direction of the flow may 
be opposite that which is depicted in FIG. 3d and the order 5 
of appearance of components 102 and 16B as the coolant 
flows through them may be changed as desired. (For 
example, the pump 102 might be downstream of the 
exchanger 16B.) 

As with previous embodiments, one may alternatively 10 
choose to implement a cooling system wherein components 
such as pump 102 and heat exchanger 16B are located 
external to the cable/connector 4/6. One may also choose to 
provide a separate liquid loop for the purposes of accepting 
heat from the probe cooling loop and, in particular, from 15 
exchanger 16B. 

FIG. 3e shows a seventh embodiment of the invention 
which is similar in construction to the embodiment shown in 
FIG. 3d. In this embodiment, pump 102 and heat exchanger 
16B are located in ultrasound system console 9 (shown) or, 20 
alternatively, in console connector 7 (not shown). In order to 
implement the closed loop cooling system in this manner 
one may provide coolant couplings or connectors 19 in 
mating probe and console connectors 6 and 7 as shown. 
Structurally, connectors 6 and 7 may incorporate both the 25 
electrical connections (such as for interconnects 10) and 
coolant connectors 19. One may alternatively choose to use 
non-integrated, independent connectors for the electrical 
connectors 6 and 7 and the coolant connections 19 (not 
shown). 30 

FIG. 3e shows pump 102 resident in console 9 along with 
the heat exchanger 16B. The tube connecting pump 102 and 
the heat exchanger 16B is again indicated as tube 20C 
having an internal coolant flow into exchanger 16B indi- 
cated again as 103C. Again the coolant flow rates of depicted 35 
flows 103A, 103B and 103C would typically be equal. 

Advantages of the design of FIG. 3e are that one may use 
a larger and more powerful pump 102 and/or heat exchanger 
16B. Heat exchanger 16B may again be accompanied by a 
fan (not shown) in the console 9. In the case wherein heat 40 
exchanger 16B is a liquid-to-liquid heat exchanger, console 
9 would contain the other independent coolant loop (not 
shown). A liquid- to-liquid exchanger generally has a much 
higher capacity than a liquid-to-air exchanger of the same 
size. 45 

Placing pump 102 and heat exchanger 16B in the console 
reduces the cost of the transducer significantly at the 
expense of requiring the use of separable coolant connectors 
19. An alternative contemplated within the scope of the 5Q 
invention is the design of FIG. 3e wherein, in order to avoid 
coolant spillage, one arranges the coolant such that, when 
the transducer 1G is not plugged in, there is no coolant at 
connectors 19. In this manner, plugging and unplugging 
connectors 6 and 7 (and therefore connectors 19) will not 55 
result in any spillage of coolant. Once the transducer is 
plugged in, console 9 may cause the coolant system to 
eliminate all air in the coolant path as by venting. 

The embodiments shown in FIGS. 3d and 3e could utilize 
a liquid or liquid phase-change coolant, or even a gas 60 
coolant. 

FIG. 4 shows an eighth embodiment of the invention. 
FIG. 4 depicts a system similar to that of FIG. 3e but with 
a thermoelectric cooling device 30 in the thermal path 
between passive conducting members 15, ISA and heat 65 
exchanger 16A. Note that the thermal member 15A extends 
beneath acoustic backer 11 such that heat may be deposited 
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in the top cooling surface (+Y surface) of thermoelectric 
cooler 30. Cooler 30 would typically consist of an electri- 
cally powered junction device capable of establishing a 
thermal gradient and transporting heat through its thickness 
along the Y axis (sometimes referred to as a Peltier device). 
Such devices, although capable of moving appreciable quan- 
tities of heat, are typically rather inefficient. Thus, the 
cooling system components described with respect to the 
embodiment shown in FIG. 3e are available to carry away 
not only the piezoelement heat pumped by cooler 30, but 
also the waste heat generated by the cooler 30 itself. 
Specifically, such thermoelectric coolers 30 are available, 
for example, from Marlow Industries, Inc. (1045 1 Vista Park 
Road, Dallas, Tex. 75238) with heat removal capacities 
covering the range from 1 to 150 watts. The cold (cooling) 
side of cooler 30 may, depending on the heat load and 
specific type of cooler, have the capacity to subcool between 
10 and 100 degrees centigrade. Use of a thermoelectric 
cooler 30 offers advantages of dynamic realtime temperature 
control of the transducer piezoelements and/or the thermal 
capacity to actually subcool the piezoelements 12 as 
described without requiring a conventional freon-style 
refrigeration system. The reader will realize that the ther- 
moelectric cooler 30 may be arranged to dump its heat to any 
of the other thermal means of the system embodiments 
described herein. 

A specific advantage of a thermoelectric cooler 30 is 
appreciated when performing high frequency ultrasound 
imaging of near-surface tissues. In these growing applica- 
tions, increasing amounts of heat energy are being generated 
in the probe and in the tissue as manufacturers attempt to 
achieve the highest possible resolution at the maximum 
allowable acoustic intensities. It would be rather difficult to 
maintain a reasonable lens temperature unless a cooling 
device 30 having very large cooling capacity (a device 
capable of subcooling may serve this purpose) is present in 
close proximity to the piezoelements, lens and tissue. 

FIG. 5 depicts a ninth embodiment of the invention. In the 
design shown in FIG. 5, a flexible tubular heat pipe 23 is 
thermally connected via thermally conductive member 24 to 
the previously described thermal member 15. Heat pipe 23 
extends into cable 4 for a fair length, perhaps a foot or more, 
and is thermally coupled to the outer jacket of cable 4 within 
such length. We have previously described recent efforts at 
designing conductive members which pass into cable 4 from 
the interior of case 2, and internal thermal members such as 
15 and 14. Those familiar with the heat pipe art will 
recognize that because heat pipes can carry far more heat 
than an equivalent cross-section of solid copper, consider- 
able thermal conduction is achieved along the cable with a 
rather small diameter heat pipe 23. Heatpipe 23 may also be 
very flexible. Thus, heat energy which is conducted into the 
end of the heatpipe 23 positioned in case 2 via thermally 
conducting members 14,15 and 24 causes the internal 
evaporation of the working fluid of heatpipe 23 and its 
subsequent recondensation in the heat pipe's cooler regions 
further along the cable. Due to the superb axial heat carrying 
performance of heatpipes, this phase change is done with a 
very small temperature gradient. Thus, the full benefit of the 
additional cable area's ability to convect heat passively is 
effectively realized. Those skilled in the art of heatpipes will 
be aware that one frequently utilizes fluid reservoirs and 
pressure-compensating bellows with heatpipes and that such 
related means may easily be incorporated in case 2. 

A significant advantage of the device of FIG. 5 is that a 
very substantial increment is made in thermal dissipation 
performance using a semiactive heatpipe (semiactive in that 
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the gas vapor moves but no power is required to operate it). 
Because no power is used to operate this cooling means then 
there is no concern about vibration or electrical noise 
generated by any active pumping or suction means such as 
pump 22. As for previous heat removal means, heatpipe 23 5 
may be external to the cable in some cases. For example, one 
may have an optionally employed heatpipe 23 which plugs 
into a thermally conductive "jack" in the case. Such an 
external heatpipe 23 could be draped to the side of the probe 
during use. Such an external pipe could also have an 1Q 
attached radiator surface, for example. Means could be 
provided for such an optional heatpipe to alert the ultrasound 
system that the external heatpipe means is plugged in and 
that higher acoustic power levels are allowable without fear 
of thermal problems. Heatpipe 23 may also extend all the 15 
way back to connector 6 in cable 4. 

Heatpipe 23 may be a classic heatpipe in that it uses an 
internal wick structure to return the coolant fluid to the hot 
spot after the coolant vapor recondenses to said fluid phase 
in the cooler region of said heatpipe 23. However, systems 2 o 
suitable for use as heatpipe 23 include evaporation/conden- 
sation systems not necessarily involving a wick structure 
dedicated to capillary pumping of recondensed coolant back 
to the heat source. Specifically, a system called the Oasis™ 
system produced by Aavid Engineering consists of an 2 5 
evaporator (which is thermally coupled to the user's device 
to be cooled) and a separate condenser panel. The evaporator 
is connected to the condenser by two tubes. In a manner 
similar to the heat pipe, the evaporator generates a liquid 
vapor in response to the heat input. The heated vapor flows 30 
through one of the tubes to recondense back into the liquid 
phase in the condenser panel. The recondensed fluid in the 
condenser panel is returned to the evaporator through the 
second tube in liquid form. This system utilizes Fluorinert™ 
fluid which has a boiling point of 57 degrees centigrade. 35 
Thus, the evaporator never gets hotter than 57 degrees 
centigrade because a phase change from liquid to vapor 
takes place at that temperature. It will be recognized that the 
main difference between this and the classic heatpipe is that 
liquid is flowing in a tube rather than the liquid flowing via 40 
capillary action through a porous wick on the inner surface 
of the walls of a tube. Using the Aavid system, one may 
depend on free convection cooling of the condenser or may 
alternatively utilize forced convection cooling of said con- 
denser. The potential disadvantage of the Aavid device is 45 
that the transducer probe II may be oriented at an unpre- 
dictable angle and/or held at an unpredictable height. One 
may thus have problems with the liquid in the tubes not 
flowing properly. In a classic heatpipe design with a wick 
structure inside heatpipe 23, the capillary wick keeps work- 50 
ing regardless of the probe's position or orientation. 

FIG. 6 shows a tenth embodiment of the invention. A 
container 25 is provided in case 2 in intimate thermal contact 
with thermal members 15. Within the container 25, which 
would typically be fabricated of a thermally conducting 55 
metal, an optional movable preloaded diaphragm 25A is 
shown which is slidable in the +-Y direction and capable of 
applying modest downward (— Y direction) pressure. Adja- 
cent to and in contact with slidable diaphragm 25A is a 
phase-change material which is depicted in both of its 60 
operational forms 26 A and 26B. The phase-change material 
is a material which absorbs a very large amount of heat when 
its phase changes from one phase to the other. For example, 
H 2 0 takes the form of water and ice at 0 degrees centigrade 
and to totally convert from one form (phase) to the other for 65 
a given quantity of H 2 0 requires a considerable flow of 
thermal energy. This flow of energy does nothing to change 
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the temperature of the water/ice mixture from 0 degrees 
centigrade while this phase-change is taking place. Thus 
one's drink can be kept cold as long as ice is present. This 
property of absorbing a large quantity of thermal energy 
without changing temperature can be very useful if the 
temperature in question is of technical use. 

In probe 1J, if a phase-change material is chosen whose 
phase-change takes place at a warm but tolerable tempera- 
ture to the patient and sonographer, then the phase change 
material may absorb a substantial quantity of heat without 
changing temperature (getting any hotter) and without the 
need to pass the heat to the environment immediately. For 
short-term thermal dissipations by piezoelements 12, the 
phase change material will absorb the waste heat and keep 
the probe at the acceptable phase-change temperature. The 
phase change material is therein acting essentially as a 
thermal capacitor which is either charging (absorbing heat) 
or discharging (dumping previously absorbed heat). Within 
container 25 can be seen the two phases of the phase change 
material, namely phases 26 A and 26B. As depicted, phase 
26B may, for example, be a molten phase and phase 26 A a 
solid phase. 

Probe 1J is depicted at a moment in time when the 
phase-change material is partially converted from one phase 
to another. In this specific example, waste heat is flowing 
down thermal member 15 and into the left and right sides of 
container 25 whereupon the heat causes the molten phase 
26B to first form adjacent to each thermal plate 15. Since not 
enough heat has yet flowed into the container 25 there is still 
a region in the middle of the container 25 where the solid 
phase 26A of the phase-change material is still present. At a 
later point in time, assuming heat input continues into 
container 25, the remaining region of solid phase-change 
material 26A in that central portion of container 25 would 
also become molten. At that point the container 25 and its 
contents can no longer absorb heat at the constant phase- 
change temperature and further heat input will only result in 
the container 25 and probe 15 getting hotter. 

The slidable pressurizing diaphragm 25A applies a con- 
stant pressure for the purpose of urging the phase-change 
material to remain in contact with the internal walls of 
container 25 as the phases change back and forth. This is 
necessary because many phase-change systems are accom- 
panied by small but not insignificant volume changes. One 
example of a phase change material useful for container 25 
would be a wax-like substance having a deformable waxy 
solid phase and a liquid phase. Slidable diaphragm 25A 
could keep the two phases of such a wax-based system from 
growing voids or air pockets during phase changes due to 
volume changes. Specific phase change materials for use in 
the FIG. 6 system include the series of paraffin waxes of 
which eicosane is one. Paraffin waxes with hydrocarbon 
chains of between about 18 (octadecane) and 22 carbon 
atoms have melting points between 25 and 41 degrees 
centigrade. Specifically, octadecane has a melting point of 
28.1 degrees centigrade and a heat of fusion of 58.2 calories 
per gram. Eicosane (20 carbons) melts at 36.6 degrees 
centigrade and has a heat of fusion of 59.1 calories per gram. 
These two materials experience only about a 7% density 
change during melting and freezing thus the concern about 
volume changes may be minimized. 

Other phase change material systems may be considered 
for use in probe 1J. Some of these undergo sublimation/ 
evaporation. Other heat-of-fusion, phase-change material 
systems include hydrated inorganic salts (e.g. zinc nitrate 
which melts at 36.2° C. and has a heat of fusion of 31 
cal/gm), anhydrous inorganic salts (e.g. metaphosphoric 
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acid HP04 with specs of 42.5° C. and 25 cal/gm) and 
compounds such as Glauber's salt (Na 2 SO 4 .10H 2 O which 
changes phase at 32.2° C). The wax systems are preferred 
because there is minimum chance of phase separation. 
Indeed, tests have been reported wherein the above wax 5 
materials have been phase-cycled as many as 30,000 times 
without any change in thermal capacity. 

Note that there is an upper thermal capacity limit of the 
container 25 phase-change heat- accumulation device. Once 
it is filled with heat (the beneficial phase change has run its 10 
course), its heat absorption characteristics are no longer 
beneficial in probe 1J. However, in typical operation of 
transducer devices, there are frequent occasions when short- 
duration excessive heatflow is generated. In such cases, 
container 25 may be beneficial as a thermal reservoir. During 
other portions of the probe's operation, when heat flow is 
more typically at a lower level, other cooling means of the 
probe (such as the prior art passive convection means) may 
be utilized to gradually allow the material in phase 26B to 
revert back to the solid phase 26A, as well as to cool the 
probe in the normal manner. In an extreme case, one may 
operate the probe in a very high power mode, a mode which 
cannot practically be cooled in real time even by aforemen- 
tioned air pressurization or suction means, wherein most or 
all of the excessive heat is dumped into the phase change 
material. As long as this process is finished before the phase 
change completely converts, there is no heating problem 
other than providing a sufficient wait for normal cooling 
means to induce reversion of the phase change material back 
to the original phase before the probe can be used in the 
excessive power mode again. 

Hyperthermia, the use of directed heat to treat or kill 
cancerous cells in bodily tissue, could be an obvious appli- 
cation of any of the means of this invention and particularly 
of the high-capacity phase- change and thermoelectric means 35 
possibly coupled and integrated with means such as those 
depicted in earlier FIGS. 2a,2fc,3a,3fc,3c,3^,3e and 5. For 
example, one would use the imaging transducer probe 1 to 
both image (locate and target) the cancerous regions and, 
when targeted, deliver intense heating ultrasound or sonic ^ 
energy to the cancerous tissue within the body. The ultra- 
sound console 9 may be arranged so that it automatically, via 
software, has the intelligence to keep track of the cancerous 
sites and their integrated thermal dosages despite some 
amount of unavoidable movement of the transducer. It will 
be recognized that the hyperthermia mode, wherein heat is 
purposely being acoustically generated in the patient's tissue 
by transducer 1, represents a very high instantaneous heat 
flow within the transducer as well. The high-capacity ther- 
moelectric and phase-change components of the invention 5Q 
would be suitable to prevent overheating to the patient or 
sonographer in such instances. 

A further aspect of the present invention addresses the 
problem of circumventing the two thermal chokepoints 
commonly found in transducers. These chokepoints are 55 
related to areas where heat is being generated in a concen- 
trated manner in a small space. What is required is to spread 
this concentrated heat out so that it can be more easily 
coupled into the active thermal means of the previous figures 
(or into any other means including the prior art means). 60 

As previously noted, it is difficult to get electroacoustic 
waste heat to flow along or parallel to the piezoelements 12 
in the H — X directions into thermal members 14 and 15. 
Metallic electrodes positioned in at least some of the inter- 
faces of lens 3 and matching layers 13, matching layers 13 65 
and piezoelements 12, or piezoelements 12 and backing 
material 11, which are used for electrical purposes, must be 
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kept thin enough so that they don't degrade the acoustic 
operation of the transducer. This greatly limits the elec- 
trode's ability to pass heat along (or parallel to) piezoele- 
ments 12. Materials used to fabricate matching layer(s) 13, 
piezoelements 12 and acoustic backer 11 frequently have 
mediocre thermal conductivity. There are a few exceptions 
to this general problem. As an example, carbon-based 
matching layers have been used which have acceptable 
acoustic properties, somewhat better than mediocre thermal 
properties, but problematic handling (very brittle) and adhe- 
sion properties. For a large aperture transducer (having a 
great number of elements, each of which is fairly long), the 
heat transmission problem is exacerbated in that the large 
piezoelement array is generating greater amounts of heat, 
and the distance from its center to its edges is even greater. 
This can lead to the emitting aperture having a hot spot in the 
middle despite the best effort to remove the heat at the edges. 

FIGS. lb-Id show variations on an eleventh embodiment 
of the invention. FIG. la shows the electroacoustic trans- 
ducer device 50 of the previously depicted probes 1A-1J 
consisting of acoustic backer 11, piezoelements 12, match- 
ing layer(s) 13, and passive thermal members 14 and 15 (15 
not shown). 

FIG. lb is an enlarged view of transducer assembly 55A, 
similar to assembly 50, but with unique differences outlined 
below. A new material layer 27 is shown situated on top of 
matching layer(s)13. In FIG. 7c, in assembly 55B, layer 27 
is seen therein shown situated at the interface of the match- 
ing layer(s) 13 and piezoelements 12. In FIG. Id, in assem- 
bly 55C, material layer 27 is shown situated between the 
acoustic backer material 11 and piezoelements 12. In FIG. 
Id, the added material 27 is also shown situated on the 
surface of each thermal member 14. 

Material 27 is a thermal enhancement layer consisting of 
a film of diamond or diamond-like carbon-based material 
which is either deposited on one or more of the acoustic 
components or laminated to the acoustic components. Pre- 
formed diamond films, already deposited and formed, may 
be procured from companies such as Diamonex, Inc. 
(7150-T Windsor Drive, Allentown, Pa. 18106-9328) and 
Norton Company, Materials Division (1-T New Bond Street, 
Worcester, Mass. 01615-0008). Whether purchased as a 
component or deposited by the transducer builder the growth 
of diamond films frequently utilizes methane-based or other 
hydrocarbon-based plasma or arc-jet processes. Some of 
these processes are high temperature processes suitable only 
for deposition on a ceramic such as PZT, vitreous carbon or 
graphite and others are suitable for low temperature depo- 
sition even on plastics such as on acoustic matching layers. 
Diamond films or "substrate" materials typically have 4 to 7 
times the thermal conductivity of copper. Thus, for a dia- 
mond film having 5 times the thermal conductivity of 
copper, the same net heat-carrying capacity as copper is 
achieved at only V^th the thickness of the thermally equiva- 
lent copper. 

These thinner layers of diamond may thus be better 
tolerated in the acoustic structure and may even be utilized 
to serve as an acoustic component such as one of or a portion 
of one or more matching layers 13. If diamond film 27 is 
utilized on a surface to which electrical contact must be 
made, either the diamond film can be doped to be electrically 
conductive, or contact vias may be provided through the 
diamond film so that electrical interconnections may pass 
through the diamond layer(s) 27. 

Other applications for diamond films 27 in the transducer 
to conduct heat are contemplated as being within the scope 
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of the invention. For example, one may deposit or place 
diamond films between each member of the array of piezo- 
elements 12, such as in the kerfs or gaps between each 
piezoelement in the X-Y plane. If this is done in a manner 
so as not to fuse the elements 12 together, then the elements 
will still be able to operate acoustically yet will have an 
added capacity to pass heat along their lengths (along the 
-I— X axis) between them. Obviously any mechanical con- 
straint the diamond film(s) present to the vibrating piezo- 
elements 12, assuming the diamond film(s) 27 touches the 
elements 12, must be taken into account in the acoustic 
design. This is very critical for large aperture high power 
modes of operation wherein it is otherwise difficult to avoid 
creating a hot-spot in the middle of the acoustic aperture (at 
the element midpoints for example). 

FIG. 8 depicts a novel solution to a second thermal 
chokepoint of modern transducers. This improvement 
spreads concentrated heat into any convenient thermal sink- 
ing means, including into those of the prior art, or into any 
of the active means of this invention. In FIG. 8, two printed 
circuit boards or substrates 28, each supporting electronic 
components 29, are mounted back- to-back in the case 2 of 
transducer 1. The boards 28 and components 29 may, for 
example, consist of multiplexing electronics, amplifiers, 
matching electronics, computational and/or memory elec- 
tronics or any other electronic or heat-producing subsystem 
used in the operation of transducer 1. Liquid-filled bags 31 
are deformably squeezed between each board 28 and com- 
ponent 29 subsystem, and thermal member 15. Such fluid- 
filled and hermetically sealed deformable bags 31 may be 
obtained from 3M Industrial Chemical Products Division 
(Building 223-6S-04, 3M Center, St. Paul, Minn. 55144- 
1000). It will be noted that the surface of each board 
subsystem has an irregular surface shape due to components 
29 mounted upon them and that bags 31 conform nicely to 
said irregular surfaces thus insuring maximal thermal con- 
tact. Bags 31 are typically metalized polymeric bags con- 
taining 3M Fluorinert™ thermally-conductive liquids. Thus, 
heat may freely flow out of the components 29 directly into 
contacting and juxtaposed bag 31, and then from bags 31 
into plates 15. The great advantage of bags 31 is that one 
may easily disassemble board 28 and components 29 from 
the transducer IK at any point in time to service the 
transducer without having to deal with the removal of the 
alternative and messy thermally-conductive potting com- 
pounds. 

The many features and advantages of the present inven- 
tion will be readily apparent to one of average skill in the art. 
Numerous modifications to each of the embodiments dis- 
cussed herein are anticipated as being within the scope of the 
invention. It is anticipated that the use of the active, semi- 
active and passive thermal solutions described herein, as 
well as combinations of the particular solutions described 
herein, and combinations of these solutions herein with the 
prior-art solutions are within the scope of the invention. It is 
also anticipated that uses in cases wherein the ultrasound 
transducer is part of a medical device supporting other 
medical functions as for the increasingly popular ultrasound/ 
optical imaging probe instruments are within the scope of 
the invention. In these cases, the thermal control means of 60 
this invention may also support the thermal control of the 
other device, such as the optical illumination/imaging means 
in our above example. 

One skilled in the art will recognize the beneficial appli- 
cation of the invention to ultrasound probes other than the 
flat phased-arrays depicted in the figures. As examples, one 
may beneficially apply the invention to curved phased 
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arrays, two-dimensional phased arrays, annular mechani- 
cally-scanned ultrasound transducers, or to single or multi- 
element catheter-based imaging or doppler transducers. 
What is claimed is: 

1. An ultrasound transducer assembly, comprising: 
a housing; 

a transducer mounted in the housing, the transducer 
operable to transmit ultrasonic energy along a path; and 

active cooling means positioned outside of the path and in 
thermal communication with the transducer for actively 
removing heat generated by the transducer by active 
thermal transport of heat energy from the transducer. 

2. The transducer assembly of claim 1 wherein the active 
cooling means is a heat exchanger including a flowed 
coolant passing through at least a portion of the heat 
exchanger. 

3. The transducer assembly of claim 2 wherein the coolant 
is a liquid. 

4. The transducer assembly of claim 3 wherein the coolant 
is primarily composed of water. 

5. The transducer assembly of claim 3 wherein the coolant 
contains a phase change constituent. 

6. The transducer assembly of claim 2 wherein the coolant 
is a gas. 

7. The transducer assembly of claim 2 wherein the coolant 
is primarily air. 

8. The transducer assembly of claim 2 wherein the assem- 
bly is designed to be mated with control electronics posi- 
tioned in a console, and wherein the assembly further 
includes a cable and cable connector, the cable and cable 
connector including at least an electrical coupling connected 
to the transducer and the control electronics. 

9. The transducer assembly of claim 8 wherein the coolant 
is circulated through the heat exchanger by a pump located 
in the housing. 

10. The transducer assembly of claim 8 wherein the cable 
further includes a coolant conduit, and the coolant is circu- 
lated through the cable and the heat exchanger by a pump 
located in the cable connector. 

11. The transducer assembly of claim 8 wherein the cable 
further includes a coolant conduit, the cable connector 
includes a coolant conduit, the console includes a mating 
connector for coupling with the cable connector, the mating 
connector including at least an electrical coupling, and 
coolant is circulated through the cable, console connector, 
mating connector and heat exchanger by a pump located in 
the mating connector. 

12. The transducer assembly of claim 8 wherein the cable 
further includes a coolant conduit, the cable connector 
includes a coolant conduit, the console includes a mating 
connector for coupling with the cable connector, the mating 
connector including at least an electrical coupling and a 
coolant conduit, and the coolant is circulated through the 
cable, cable connector and mating connector by a pump 
located in the console. 

13. The transducer assembly of claim 8 further including 
a multi-pass, closed loop coolant path coupled to the heat 
exchanger. 

14. The transducer assembly of claim 13 further including 
a second heat exchanger coupled to the closed loop coolant 
path. 

15. The transducer assembly of claim 14 wherein the 
cable includes a portion of the closed loop coolant path, the 
second heat exchanger is positioned in the cable connector, 
and coolant is circulated between the heat exchangers 
through the cable. 

16. The transducer assembly of claim 14 wherein the 
cable includes a portion of the closed loop coolant path, the 



5,560 

23 

second heat exchanger is positioned in the mating connector, 
and coolant is circulated between the heat exchangers 
through the cable. 

17. The transducer assembly of claim 14 wherein the 
cable includes a portion of the closed loop coolant path, the 5 
second heat exchanger is positioned in the console, and 
coolant is circulated between the heat exchangers through 
the cable, the cable connector and the mating connector. 

18. The transducer assembly of claim 2 wherein the 
flowed coolant is included in a single pass coolant path 
coupled to the heat exchanger. 

19. The transducer assembly of claim 2 further including 
a multi-pass, closed loop coolant path coupled to the heat 
exchanger. 

20. The transducer assembly of claim 2 wherein the active 
cooling means is a closed loop, multi-pass coolant system 15 
coupled to a heat exchanger. 

21. The transducer assembly of claim 2 wherein the active 
cooling means is a single pass system coupled to a heat 
exchanger. 

22. The transducer assembly of claim 1 wherein the active 20 
cooling means comprises a heat pipe. 

23. The transducer assembly of claim 22 wherein the 
transducer assembly is controlled by control electronics 
positioned in a console, wherein the assembly further 
includes a cable and cable connector for electronically 25 
coupling the transducer with the control electronics, and 
wherein a first portion of the heat pipe is thermally coupled 

to the transducer, to accept heat from the transducer, and a 
second portion of the heat pipe is positioned in the cable 
such that heat generated by the transducer is carried into the 30 
cable. 

24. The transducer assembly of claim 23 wherein the heat 
pipe includes a control bellow. 

25. The transducer assembly of claim 23 wherein the heat 
pipe includes a working fluid reservoir. 35 

26. The transducer assembly of claim 23 wherein the 
cable and heat pipe are flexible. 

27. The transducer assembly of claim 1 wherein the active 
cooling means comprises an evaporator assembly and a 
condenser, wherein the evaporator is thermally coupled to 40 
the transducer. 

28. The transducer assembly of claim 27 wherein the 
condenser and the evaporator are coupled by at least one 
coolant conduit for transport of evaporated or condensed 
coolant liquid. 45 

29. The transducer assembly of claim 1 wherein the active 
cooling means is a thermo-electric cooler. 

30. The transducer assembly of claim 29 wherein the 
thermoelectric cooler is positioned within the housing and is 
thermally coupled to the transducer. 50 

31. The transducer assembly of claim 29 wherein the 
thermoelectric cooler has a thermal capacity range sufficient 
to cool the transducer below ambient temperature when the 
transducer is operating. 

32. The transducer assembly of claim 1 wherein the active 55 
cooling means utilizes a phase change material. 

33. The transducer assembly of claim 32 wherein the 
phase change material has a finite capacity to absorb heat, 
said finite capacity being limited by the phase change taking 
place in all available phase-change material at a substan- 60 
tially constant temperature during said heat flow. 

34. The transducer assembly of claim 33 wherein the 
phase change material is provided in at least one deformable 
container. 

35. The transducer assembly of claim 33 further including 65 
a container defined by a pressurizing member in contact with 
the phase change material. 
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36. The transducer assembly of claim 33 wherein the 
phase change material is provided within the housing. 

37. The transducer assembly of claim 33 wherein the 
phase change material has a first operational phase compris- 
ing a liquid and a second operational phase comprising a 
solid. 

38. The transducer array of claim 32 wherein the flowed 
coolant consists of, at least in part, a phase change material 
in a liquid. 

39. The transducer assembly of claim 32 wherein the 
phase change material is a paraffin wax. 

40. The transducer assembly of claim 39 wherein the 
paraffin wax is eicosane. 

41. The transducer assembly of claim 1 wherein the 
transducer includes a layer of diamond or diamond-like 
carbon. 

42. The transducer assembly of claim 41 wherein the 
diamond or diamond-like carbon is applied to one or more 
surfaces of the transducer. 

43. The transducer assembly of claim 41 wherein the 
diamond or diamond-like carbon comprises a preformed 
substrate which is bonded to a portion of the transducer. 

44. The transducer assembly of claim 1 further including 
a passive cooling assembly in thermal contact with the 
transducer and the active cooling means. 

45. The transducer assembly of claim 44 wherein the 
passive cooling means includes a layer of diamond or 
diamond-like carbon. 

46. The transducer assembly of claim 44 wherein the 
transducer further includes a diamond or diamond-like car- 
bon layer in contact with the passive thermal member. 

47. The transducer assembly of claim 46 further including 
transducer electronics mounted in the housing and a phase 
change material provided in a deformable bag mounted 
between the transducer electronics and at least one passive 
thermal member. 

48. The transducer assembly of claim 1 further including 
a liquid heat-transfer fluid contained within a closed deform- 
able container, the closed deformable container being 
located within the housing and outside of the path such that 
the fluid is allowed to make thermal contact, through the 
deformable container, with smooth or irregular surfaces in 
the housing. 

49. The transducer assembly of claim 48 wherein the fluid 
is a fluorinated liquid. 

50. The transducer assembly of claim 48 wherein trans- 
ducer electronics are provided as components on a printed 
circuit board situated in the housing, and wherein the closed 
deformable container is positioned between the components 
and a passive thermal heat sink in the housing. 

51. A transducer assembly, comprising: 
a housing; 

a transducer mounted within the housing, the transducer 
operable to transmit ultrasonic energy along a path; 

a heat exchanger thermally coupled to the transducer, said 
coupling consisting of a passive thermally conductive 
assembly; and 

a flowing coolant fluid thermally coupled to the heat 
exchanger wherein the heat exchanger and the flowing 
coolant fluid are positioned outside of the path of the 
ultrasonic energy. 

52. The transducer assembly of claim 51 wherein the 
flowing coolant is provided in a closed loop, recirculating 
coolant system coupled to the heat exchanger. 

53. The transducer assembly of claim 51 wherein the 
flowing coolant is provided in a single pass coolant path. 

54. The transducer assembly of claim 51 wherein the 
circulating coolant is a gas. 
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55. The transducer assembly of claim 51 wherein the 
circulating coolant is a liquid. 

56. The transducer assembly of claim 51 wherein the 
housing includes a plurality of input and output apertures, 
and wherein the coolant is directed into and out of the 5 
housing through the apertures by a pump mounted in the 
housing. 

57. The transducer assembly of claim 51 wherein the 
housing includes a plurality of input and output apertures, 
the transducer is arranged to be coupled to a control console, 
and the coolant is directed into and out of the housing 
through the apertures by a pump mounted in the console. 

58. A transducer system, adapted for use with a control 
console having a console connector, comprising: 

a housing; 

a transducer mounted within the housing; 
a heat exchanger thermally coupled to the transducer; 
a circulating coolant fluid thermally coupled to the heat 
exchanger; 

a cable coupled to the housing; 20 
a cable connector coupled to the cable, the cable connec- 
tor including an electrical connector and being adapted 
to couple with a console connector; and 

a second heat exchanger, coupled to the circulating cool- 
ant. ~ 25 

59. The transducer system of claim 58 wherein the coolant 
path is a closed loop coolant path, and wherein the cable 
further includes a coolant conduit. 

60. The transducer system of claim 59 wherein each of the 
cable connector and the console connector includes an 30 
electrical interconnect and a coolant conduit interconnect for 
coupling with the respective coolant or electrical intercon- 
nect on the cable or console connector. 

61. The transducer system of claim 58 wherein the second 
heat exchanger is positioned in the cable connector. 35 

62. The transducer system of claim 58 wherein the second 
heat exchanger is positioned in the console connector. 

63. The transducer system of claim 58 wherein the second 
heat exchanger is positioned in the console. 

64. A transducer assembly, adapted for use with an 40 
ultrasound control console to produce ultrasound images, 
comprising: 

a housing; 

a transducer mounted in the housing; 45 

a transducer cable having a first portion coupled to the 
transducer and the housing and a second portion 
coupled to the console via a mating pair of connectors; 

a thermal conductor coupled to the transducer and extend- 
ing toward the transducer cable; and 50 

a heat pipe having a first portion thermally coupled to the 
thermal conductor and a second portion extending into 
the transducer cable thereby passing heat into the cable 
from the transducer during imaging. 

65. A transducer assembly, adapted for use with a control 55 
assembly, comprising: 

a housing; 

a transducer mounted in the housing; 

a connector conduit having a first portion coupled to the 60 
transducer and the housing and a second portion 
coupled to the control assembly; and 

a phase change material mounted in the housing in a 
pressure controlled container positioned in thermal 
communication with the transducer. 65 

66. A transducer assembly, adapted for use with a control 
assembly, comprising: 
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a housing; 

a transducer mounted in the housing; 

a connector conduit having a first portion coupled to the 

transducer and the housing and a second portion 

coupled to the control assembly; and 
a thermoelectric cooler mounted in the housing in thermal 

contact with the transducer. 

67. A transducer assembly, adapted for use with a control 
assembly, comprising: 

a housing; 

a transducer mounted in the housing wherein the trans- 
ducer is operable to transmit ultrasonic energy along a 
path; 

a connector having a first portion coupled to the trans- 
ducer and the housing and a second portion coupled to 
the control assembly; 
a passive thermal conductor mounted in the housing; and 
a liquid heat- transport fluid provided in a deformable bag 
contained within the housing and in thermal contact 
with the passive thermal conductor, wherein the 
deformable bag is positioned outside of the path. 

68. A medical device, comprising: 
a housing; 

a transducer array, comprising a plurality of elements 

arranged in a plane; and 
a diamond-like carbon based material provided adjacent 

to the elements in thermal contact therewith. 

69. The medical device of claim 68 further comprising an 
acoustic matching layer, wherein the diamond-like carbon 
material is provided as a thin film over the elements and 
wherein the film is located between the elements and the 
acoustic matching layer. 

70. The medical device of claim 68 further comprising an 
acoustic backing material provided in the housing on a first 
side of the elements, wherein the diamond-like carbon 
material is provided as a thin film layer located between the 
elements and the acoustic backing material. 

71. The medical device of claim 68 wherein the diamond- 
like carbon material is provided as a thin film layer over an 
acoustic matching layer provided on a side of the element 
plane. 

72. The medical device of claim 68 further including at 
least one passive thermal conductor, wherein the diamond- 
like carbon is in thermal contact with the passive thermal 
conductor. 

73. The medical device of claim 68 further including an 
active thermal conductor assembly, wherein the active ther- 
mal conductor assembly is in thermal contact with the 
diamond-like carbon. 

74. A surgical method, comprising: 

(a) providing a medical probe comprising a means for 
sensing array temperature, a transducer array having a 
field of view, and means for controlling the array 
temperature based on the output of said sensing means, 
wherein the controlling means is located outside of the 
field of view; 

(b) acoustically imaging human tissue within the field of 
view by initiating a sonic pulse and detecting the 
reflection of said pulse; 

(c) identifying, by evaluating said image, an affected area 
of human tissue; and 

(d) heating the affected area of tissue by energizing the 
transducer array said controlling means maintaining the 
array below a predetermined temperature. 
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75. The method of claim 74 wherein the controlling 
means further comprises a storage device and wherein the 
method comprises the additional step, after said step (c), of: 

storing data representing a location of the affected area in 
the storage device. 5 

76. The method of claim 74 further comprising: 
identifying a plurality of affected areas; and 
heating each affected area. 

77. A method as claimed in claim 74, further comprising 
the step of maintaining the array temperature at a predeter- 
mined level via the controlling means. 

78. A method of cleaning an ultrasound probe having an 
ultrasound transducer mounted within a probe housing, 
comprising the steps of: 

providing an active cooling device that is located within 
the probe housing, the device being thermally coupled 
to the ultrasound transducer; 

applying an external source of heat to the probe housing; 
and 

actively cooling the ultrasound transducer during the 
application of the external source of heat by removing 
heat from the ultrasound transducer with the cooling 
device. 

79. A method as claimed in claim 78, further comprising 
the steps of: 

providing a thermal controller that is coupled to the active 

cooling device; 
monitoring a temperature of the probe with the thermal 

controller; and 
actuating the active cooling device when the temperature 

reaches a predetermined setpoint. 

80. A method as claimed in claim 79, further comprising 
the step of deactuating the active cooling device when the 
temperature reaches a second predetermined setpoint. 

81. A method as claimed in claim 79, wherein the active 
cooling device has an adjustable heat removal capacity. 

82. A method as claimed in claim 81, further comprising 
the step of adjusting the heat removal capacity of the active 
cooling device in accordance with the temperature. 

83. A method as claimed in claim 78, wherein the active 
cooling device comprises a heat exchanger and a flowing 
coolant that is thermally coupled to the heat exchanger. 

84. A method as claimed in claim 83, wherein the flowing 
coolant passes through a multi-pass, closed loop coolant 
path coupled to the heat exchanger. 

85. A method as claimed in claim 78, wherein the active 
cooling device comprises an evaporative cooler. 

86. A method as claimed in claim 78, wherein the active 
cooling device comprises a thermoelectric cooler. 

87. A method as claimed in claim 78, wherein the step of 
applying an external source of heat to the probe housing 
comprises a hot disinfection procedure. 

88. A method as claimed in claim 78, wherein the step of 
applying an external source of heat to the probe housing 
comprises a sterilization procedure. 

89. In an ultrasound system having a probe that houses an 
ultrasound transducer for transmitting ultrasonic energy 
along a path, apparatus for protecting the probe during 
cleaning and cooling the probe during use, the apparatus 
comprising: 

an active cooling device positioned outside of the path of 

the ultrasonic energy; and 
a thermal conduit coupling the active cooling device to 

the ultrasound transducer, wherein the thermal conduit 

is positioned outside of the path. 
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90. An apparatus as claimed in claim 89, further com- 
prising a temperature sensor disposed within the probe, and 
a thermal controller coupled to the temperature sensor and 
the active cooling device. 

91. An apparatus as claimed in claim 89, wherein the 
probe is attached to an ultrasound system console by a 
connector. 

92. An apparatus as claimed in claim 91, wherein the 
active cooling device is disposed within the ultrasound 
system console. 

93. An apparatus as claimed in claim 92, wherein the 
thermal conduit comprises a first conduit portion disposed 
within the ultrasound system console, a second conduit 
portion disposed within the probe, and a third conduit 
portion disposed within the connector, wherein the third 
conduit portion mates the first conduit portion to the second 
conduit portion. 

94. An apparatus as claimed in claim 89, wherein the 
active cooling device comprises a heat exchanger and a 
flowing coolant that is thermally coupled to the heat 
exchanger. 

95. An apparatus as claimed in claim 94, wherein the 
flowing coolant passes through a multi-pass, closed loop 
coolant path coupled to the heat exchanger. 

96. An apparatus as claimed in claim 89, wherein the 
active cooling device comprises an evaporative cooler. 

97. An ultrasound transducer assembly for use with a 
remote system console, comprising: 

a transducer housing; 

an ultrasound transducer mounted within the housing, the 
transducer operable to transmit a signal along a path; 
and 

an evaporator thermally coupled to the transducer for 

active heat transfer from the transducer; 
a condenser; and 

a conduit coupling the evaporator to the condenser. 

98. A transducer assembly as claimed in claim 97, further 
comprising a liquid disposed within the evaporator, wherein 
the liquid changes phase at a predetermined temperature. 

99. A transducer assembly as claimed in claim 98, 
wherein the conduit comprises a vapor conduit connecting 
the evaporator to the condenser, and a liquid conduit con- 
necting the condenser to the evaporator. 

100. A transducer assembly as claimed in claim 99, 
wherein the evaporator, the condenser, the vapor conduit and 
the fluid conduit comprise a multi-pass, closed loop cooling 
system. 

101. A transducer assembly as claimed in claim 97, 
further comprising an active cooling device thermally 
coupled to the condenser. 

102. A method of controlling a temperature of an ultra- 
sound probe having a transducer, comprising the steps of: 

providing a device that is thermally coupled to the trans- 
ducer; 

providing a thermal controller that is coupled to the 
device; 

monitoring a temperature of the probe with the thermal 

controller; and 
actuating the device when the temperature reaches a 

predetermined level. 

103. A method as claimed in claim 102, further compris- 
ing the step of maintaining the probe at a predetermined 
setpoint by deactuating the device when the temperature 
falls below a second predetermined level. 

104. A method as claimed in claim 102, wherein the 
device comprises a single pass, open loop cooling system. 
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105. An ultrasound transducer assembly, comprising: 
a transducer housing; 

an ultrasound transducer mounted within the housing, the 
transducer being operable to transmit a signal along a 
path; and 

an active cooling device thermally coupled to the ultra- 
sound transducer and positioned in proximity to said 
transducer within the transducer housing outside of the 
signal path, wherein the cooling device comprises a 
single pass, open loop system said cooling device 
including a flowing coolant. 

106. A transducer assembly as claimed in claim 105, 
wherein the coolant device comprises: 
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a heat exchanger thermally coupled to the ultrasound 

transducer; 
an intake port; 
an exhaust port; and 

a device for drawing a coolant from the intake port, 
through the heat exchanger, and out the exhaust port. 
107. A transducer assembly as claimed in claim 106, 
wherein the coolant is a gas. 



